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ABSTRACT
This thesis addresses the application o f atmospheric correction algorithms in the 
satellite remote sensing o f reservoirs. The major aims o f  the project were, first to. 
identify the problem o f atmospheric effects on satellite images, second to review the 
available atmospheric correction methods, third to apply the image-based techniques 
and methods based on atmospheric modelling to time-series Landsat-5 TM  images o f 
large reservoirs in the Lower Thames Valley and, fourth, to  evaluate the effectiveness 
o f these methods in this application__
The wide range o f digital numbers observed in a time series o f masked images o f 
eutrophic reservoirs in the Lower Thames Valley demonstrated The important time- 
dependent contribution o f atmospheric effects. Uncorrected atrsatellite reflectance 
valuçs for the w aters in these reservoirs were found to be dominated by atmospheric 
effects, which accounted for between 63 % to 100 % o f the at-satellite reflectance in 
the visible and near infrared bands. This confirms the importance o f  removing 
atmospheric effects from dark targets before attempting to correlate physical data w ith 
satellite measurements. ^
Evaluation o f the atmospheric correction techniques was achieved by comparing the 
atmospheric corrected reservoir reflectance data with the spectro-radiometric 
measurerrients acquired in-situ using a GER1500 field spectro-radiometer and with 
other reflectance values found in the literature. It was found that the darkest pixel 
method was the most suitable technique in the Landsat-5 Thematic M apper (TM) 
bands 1, 2 and 3 for removing atmospheric effects fi'om satellite images which include 
reseryoirs. The darkest p k e l (DP) method is a fully image-based technique, and is 
simpler in adaptation and easier computationally than other more sophisticated 
atmospheric correction algorithms. Using data collected on the Low er Thames 
reservoirs, it has been shown that accounting for atmospheric effects in Landsat TM  
images enables the development o f w ater quality predictive equations. The 
atmospherically corrected (using DP) satellite reflectance values w ere found to 
improve significantly the correlations with chlofophyll-a (chl-a) and particulate organic 
carbon (POC). The best correlations for predicting chl-a and POC were found in* the 
TM 1 and TM  2 bands respectively.
Concerning the. use o f eutrophic reservoirs as pseudo-invariant targets, it was found 
that (a) the low spectral reflectance values, (b) the negligible spatial variability within 
reservoirs, (c) their generally large size and distinctive shape and (d) their high 
turbidity make them suitable dark pseudo-invariant targets. Values o f ground 
reflectance for eutrophic reservoirs are provided for the user to evaluate atmospheric 
effects in other studies. A  new atmospheric correction method has been developed 
based on the use o f a very bright object (concrete airport aprons) and a very dark 
target (eutrophic w ater storage reservoir). The new method has been applied to 
images o f the Lower Thames Valley and sites in Greece and Cyprus. Tw o  novel 
methods o f assessing atnfospheric pollution based on the use o f  eutrophic reservoirs as- 
dàrk targets are introduced and have been applied at tw o sites.
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firstly from the quadrant (see Figure 6-6a); secondly from the 
sub-scene (original data, see Figure 6-7a). Both cases are 
referred to Landsat TM band 1 images.
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Figure 6-10 The extraction of darkest pixels from the masked images of 6-84
Lower Thames Valley reservoirs (large water bodies). This is 
the most safe technique in order to select a suitable DP with 
confidence
Figure 6-11 Schematic representation of the TM for computing atmospheric 6-85
path radiance, given by the intercept. Dots represent sample 
points from a dark area (a) case 1 : long wavelength independent 
(for example, MSS 4); (b) case 2: short wavelength independent
Figure 6-12 Results of the atmospheric additive effect determined from RM, 6-86
DP and CMM for the Landsat TM bands (a) TM band 1; (b)
TM band 2; (c ) TM band 3. For the CMM only Landsat TM 
1, 2, 3 and 4 were used (assuming Lp=0 in TM 4). By having 
as a basis of comparison, the DP results, it is apparent that 
both CMM and RM produce overestimated results of the 
atmospheric additive term.
Figure 6-13 Schematic representation of the RIM. Intersection point for TM 6-87
band 4 v. TM band 3 (5/3/85) for two materials, soil and 
concrete is presented.
Figure 6-14 Scatter plots and least squares regression lines of the (a) TM 6-88
band 1; (b) TM band ; ( C) TM band 4 image subject to 6-89
correction, acquired on 8/3/86 against the "reference" 2/6/85 
image. Concrete runways and asphalt surfaces (from M25 and 
M3 motorways) were used as PITs.
Chapter 7: Atmospheric Corrections Using Atmospheric
M odelling and Radiative Transfer Calculations
Figure 7-1 Single scattering phase function for continental type aerosol for 7-91
0.45, 0.70 and 1.19 pm (Tuner et al., 1971). The aerosol 
scattering phase function changes only a small amount with 
wavelength. Therefore the function for 0.7 pm can be used for 
all wavelengths (Forster, 1984)
Figure 7-2 Atmospheric transmittance for a Rayleigh type atmosphere as a 7-92
function of wavelength (redrawn from Forster, 1984)
Figure 7-3 Aerosol optical thickness versus visual range (Turner and 7-93
Spencer, 1972)
Figure 7-4 (a) Prediction chart for water vapour transmittance 0.6-4.0 pm 7-94
(b) Prediction chart for water vapour transmittance 4-26 pm 7-95
Figure 7-5 Water vapour concentration per km path length as a function of 7-96
temperature and Relative Humidity (RH)
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Figure 7-6 Aerosol optical tiiickness versus visibility (km). Drawn using 7-97 
McClatchey et al. (1971) and Tanre (1979) source of values 
and adjusted to match the Landsat TM central wavelengths by 
interpolation
Figure 7-7 The different components of the satellite signal (redrawn from
Tanre et al., 1987)
Figure 7-10 Schematic presentation of environmental reflectance
Chapter 8: A  New Atmospheric Correction Method for Landsat
TM Images Using Pseudo-invariant Targets: The PIT  
AC M ethod
7-98
7-99
7-99
Figure 8-1 Flowchart of the proposed new algorithm (presented in format 8-21 
of Imagine 8.3.1 Model Maker)
Figure 8-2 Heathrow Airport's aprons and runways. Terminal 4 8-22
(Heathrow Airport) is ringed for clarity (the place in which 
GERl500 Spectro-radiometric measurements were acquired).
Otiier bright aprons and taxways are labelled in the Landsat-5 
TM image in figure (a). Asphalt runways are also labelled.
The direction and location of photograph (b) is labelled on the 
satellite image.
Figure 8-3 Scatter plots and least squares regression lines of the (a) TM 8-23
band 1; (b) TM band 2; (c) TM band 4 image subject to 8-24
correction (4/7/85) and field measured target reflectances
Figure 8-4 Landsat-5 TM image of Athens region showing the Hellinikon 8-25
Airport (bottom image) and Marathon lake (top of the image)
Figure 8-5 (a) Landsat-5 TM hnage of Cyprus (displayed in false colour) 8-26
showing Paphos Airport and Asprokremmos Dam (b) Sub-set 
of the image shown in (a) wi1h airport and dam regions
Chapter 9: Using Reservoirs as Suitable Dark Targets in the
Assessment of Atmospheric Pollution
Figure 9-1 Division of the Lower Thames Valley area into grid of 3 km x 3 9-19
km squares. Heathrow Airport area is highlighted.
Figure 9-2 (a) The identification of the darkest pixels in every square to 9-20
provide an estimate of the atmospheric path radiance (17/5/85 
image); (b) Contours of the atmospheric path radiance 
distribution for the image acquired on 17/5/85. The higher path 
radiance corresponds to Heathrow Airport (shaded area) and
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especially to Site A.
Figure 9-3 (a) Darkest pixels in every square represent the atmospheric 9-21
path radiance for tiie 2/6/85 image; (b) Contours of tiie 
atmospheric path radiance distribution for the image acquired 
on 2/6/85. The higher atmospheric path radiance corresponds 
to Heathrow Airport area (shaded area) and especially to Site 
A.
Figure 9-4 (a) Darkest pixels in every square represent the atmospheric 9-22
path radiance for the 4/7/86 image; (b) Contours of the 
atmospheric path radiance distribution for the image acquired 
on 4/7/85. The higher atmospheric path radiance corresponds 
to Heathrow Airport area (shaded area) and especially to Site 
A.
Figure 9-5 Graphical presentation of the relationship between the 9-23
atmospheric path radiance determined using the STV-DP 
method at Site A, and the visibility values obtained at the same 
site (Heathrow Airport)
Figure 9-6 Temporal variation in atmospheric patii radiances at the whole 9-23
Lower Thames Valley area. The determined atmospheric path 
radiances correspond to the darkest pixels in the reservoir 
system.
Figure 9-7 The aerosol optical thickness extracted from the RT-DP method 9-24
is correlated with visibility at Heathrow Airport (measured at 
the time of satellite overpass)
Chapter 10: Discussion
Figure 10-1 (a) Reservoir reflectance depth profile (Queen Mary reservoir, 10-56
23/9/98); (b) Data for surface (zero depth) annotated to 
indicate absorption troughs (in the region A-<400 nm and A>750 
nm)
(b) Absorption is spectral minimum at 570nm and maximum at 
900 nm
Figure 10-2 The reflectance spectra of Colorado Front Range (Arenz, pers. 10-57
comm., 1999) and Lower Thames Valley reservoirs (present 
study)
Figure 10-3 The reflectance spectra of dry and wet concrete aprons at 10-58
Heathrow Airport
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Figure 10-4 Comparison between tlie at-satellite reflectance values, DP 10-59
corrected reflectances and ground data for the Queen Mary 10-60 
reservoir (east part) and Colorado Front Range reservoirs
Figure 10-5 Comparison between the at-satellite reflectance values, DP 10-61
corrected reflectances and ground data for the Queen Elizabeth 10-62 
II reservoir and Colorado Front Range reservoirs. For TM 
band 4 the DP was found to be not inadequately effective
Figure 10-6 Assessment of the reflectance spectrum of every reservoir for 10-63 
the 5/3/85 image corrected for atmospheric effects using the DP 
approach in TM bands 1, 2 and 3 bands. High reflectance 
values can be explained by high concentration of SS and 
particulate matter.
Figure 10-7 Comparison between the at-satellite reflectance values, CMM 10-64
corrected reflectances and ground data for the Queen Mary 10-65 
reservoir (east part) and Colorado Front Range reservoirs
Figure 10-8 Comparison between the at-satellite reflectance values, RM 10-66
corrected reflectances and ground data for the Queen Mary 10-67 
reservoir (east part) and Colorado Front Range reservoirs. The 
assumption that the atmospheric effects in TM band 4 are 
negligible was used
Figure 10-9 Comparison between the at-satellite reflectance values, MTN 10-68
corrected reflectances in TM band 1 with ground data for an 
AOI in tiie Queen Mary reservoir (east part). The 2/6/85 was 
taken as the reference image and the 12/4/84 was the image 
subject to correction (using reflectance)
Figure 10-10 Comparison between the at-satellite reflectance values, MTN 10-68
corrected reflectances in TM band 1 with ground data for an 
AOI in the Queen Mary reservoir (east part). The 5/3/85 was 
taken as the reference image and the 12/4/84 was the image 
subject to correction (using reflectance)
Figure 10-11 Comparison between tiie at-satellite reflectance values. Turner 10-69 
and Spencer's corrected reflectances and ground data for the 10-70 
Queen Mary reservoir (east part) and Colorado Front Range 
reservoirs
Figure 10-12 Comparison between the at-satellite reflectance values, 10-71
ATCOR-2 corrected reflectances and ground data for the 10-72
Queen Mary reservoir (east part) and Colorado Front Range 
reservoirs
Figure 10-13 Comparison between the at-satellite reflectance values, 6S-code 10-73
corrected reflectances and ground data for the Queen Mary 10-74 
reservoir (east part) and Colorado Front Range reservoirs
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Figure 10-14 Correlation expressed as r  ^between chlorophyll-a concentration 10-75 
and GERl500 reflectance for Datchet, Wraysbury and Queen 
Mary reservoirs (23/9/98), Each r  ^ value was calculated at 
each wavelength of the GER1500.
Figure 10-15 Correlation expressed as r  ^ between POC concentration and 10-75
GERl 500 reflectance for Datchet, Wraysbury and Queen Mary 
reservoirs (23/9/98). Each r  ^ value was calculated at each 
wavelength of the GERl 500.
Figure 10-16 Data showing the results of linear regression between 10-76
chlorophyll-a concentration and atmospheric corrected 
reflectance in TM band 1.
Figure 10-17 Data showing the results of linear regression between POC 10-76
concentration and atmospheric corrected reflectance in TM 
band 2
Figure 10-18 The chl-a predictive equation (10-1) was used to determine the 10-77
chl-a concentrations for the image acquired on 2/6/85 in which 
sampling data were not available at the satellite overpass.
Equation (10-1) was also applied to 5/3/85 image in which chl- 
a data were available during the satellite overpass.
(a) Colour mapping of chl-a concentrations for the 5/3/85image
(b) Colour mapping of chl-a concentrations for the 2/6/85 
image
Figure 10-19 The POC predictive equation (10-1) was used to determine the 10-78
POC concentrations for tiie image acquired on 2/6/85 in which 
sampling data were not available at the satellite overpass.
Equation (10-1) was also applied to 5/3/85 image in which chl- 
a data were available during the satellite overpass.
(a) Colour mapping of POC concentrations for tiie 5/3/85image
(b) Colour mapping of POC concentrations for the 2/6/85 
image
Figure 10-20 A detailed view of predicted POC variations at Queen Mary 10-79
reservoir for the 2/6/85.
Figure 10-21 Spectral signatures of dry concrete aprons at Heathrow Airport 10-80
(UK) and Paphos Airport (Cyprus))
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Chapter 1
Introduction
1. INTRODUCTION
Since 1984, remote sensing o f  inland waters has taken place mainly using data 
from satellite-based sensors such as Landsat TM (Dekker et al., 1995). Although 
there have been many papers published on the use o f satellite remote sensing in 
inland w ater bodies, relatively few studies have considered the problem of 
atmospheric intervention o f the satellite signal (Dekker et a l ,  1995).
Radiation from the earth's surface undergoes significant interaction with the 
atmosphere before it reaches the satellite sensor. This interaction with the 
atmosphere is more severe when the target surfaces consist o f w ater bodies 
(Cracknell and Hayes, 1993). The problem is especially significant when using 
time series multi-spectral satellite data to monitor w ater quality surveillance in 
inland waters such as reservoirs and lakes, because atmospheric effects constitute 
the majority o f the at-satellite reflectance over water.
Gitelson and Kondratyev (1991) report that
"The interpretation o f satellite multi-spectral visual information for the 
monitoring o f aquatic ecosystems is rather complicated because 90 % 
o f the contribution to the brightness recorded by the scanner in the 
visual depends on atmospheric and water surface properties" (p.373).
Cracknell and Hayes (1993) highlight the importance o f considering the effect o f 
the atmosphere in w ater bodies and they report that
"...the total atmospheric contribution to the satellite data at optical 
wavelengths is well over 50 % and may approach 80 % or 90 % of the 
radiance received at the satellite." (p. 150).
Hence, it is essential to consider the effect o f the atmosphere, by applying a 
reliable and efficient atmospheric correction during pre-processing o f digital data.
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This research recognises the beneficial use o f satellite remote sensing in water 
surveillance studies and sets out to identify the importance o f atmospheric 
correction in such studies by examining whether the available atmospheric 
correction algorithms can be applied to the remote sensed images o f reservoirs.
The deleterious contribution o f the atmosphere to the remote sensing o f the earth's 
surface was highlighted by Paul Mather, in his introductory foreword to the 
Remote Sensing W orkshop on "Atmospheric corrections" held on 22nd May 1985 
at University o f Nottingham (Mather, 1985), who reported that
"...those who w ork in applied remote sensing consider, like 
Shakespeare's Hamlet, that the atmosphere is 'a foul and pestilential 
congregation o f vapours' (Act 2, Scene 2) which interferes with their 
measurements o f the Earth's land and sea surface... " (p.3).
W hat is atmospheric correction?
Any sensor that records electromagnetic radiation from the earth's surface using 
the visible or near-visible radiations will typically record a mixture o f tw o kinds o f 
brightness. The value recorded at any pixel location on a remotely sensed image 
does not represent the true ground-leaving radiance at that point. Part o f the 
brightness is due to the reflectance o f the target o f interest and the rest is from the 
brightness o f the atmosphere itself. For example, an observed digital number o f 
85 might be the result o f target reflectance, perhaps 25, and the result o f 
atmospheric contribution, perhaps 60. The separation o f contributions is not 
known a priori, so an objective o f atmospheric correction is to quantify these two 
components so that the main analysis can concentrate on the correct target values 
(Campbell, 1996).
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W hy is atmospheric correction necessary?
From the literature, it has been found that atmospheric correction is an important
step to improve data analysis in number o f  ways such:
♦ the influence o f the atmosphere is removed or at least greatly reduced (Richter, 
1997b).
♦ multi-temporal images recorded under different atmospheric conditions can be 
compared better after the removal o f atmospheric effect (Verdin, 1985; 
Maracci et al., 1986; Steven and Rollin, 1986; Hill, 1993). For example, 
Verdin (1985) found that non-atmospheric corrected data produced unreliable 
results and the correlation between reservoir reflectance values with water 
quality parameters was increased after atmospheric correction.
♦ the remote sensing o f low reflectance targets which are attributed by small 
differences at the surface reflectance requires atmospheric effects to  be 
removed (Piech and Schott, 1974; Steven and Rollin, 1986).
♦ remotely sensed data can be useful for monitoring spatial and temporal 
variations o f w ater quality in inland waters, if  atmospheric effects are removed 
from aircraft and satellite imagery (for example, Piech and Schott, 1974; 
Verdin, 1985; Jupp e ta l ,  1994).
♦ the removal o f atmospheric effects can significantly improve the accuracy of 
image classification (Fraser et al., 1977; Kaufman and Fraser, 1984; Kaufman, 
1985; Maracci e /a /., 1986; Hill, 1993).
♦ reflectance data from different sensors with identical bands can be compared 
after atmospheric correction (for example, Mispan and Mather, 1996).
♦ remotely sensed data can be compared with ground truth after satisfactory 
correction (Maracci et al., 1986; Garson et al., 1999).
♦ remotely sensed data may be useful for atmospheric pollution monitoring, if 
atmospheric effects can be extracted from images (for example, Sifakis and 
Deschamps, 1992; Retails, 1998; Retails et al., 1998; Sifakis et al., 1998; 
Retails e /a /., 1999).
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W hat is the general engineering interest in water reservoirs?
Water storage and supply. Approximately 54,000 reservoirs cover the world's 
surface with the largest one the Bratsk reservoir, in Russia, having a volume o f 
169,270 million m^ (Toms, 1996). Raw water storage reservoirs are the first 
stage in supplying potable drinking w ater and facilitate the sustainment o f a water 
supply in times o f  drought around the world. In the west and north o f London, 
large reservoirs store w ater until is required for treatment and supply. The 
Thames Valley stored w ater network provides a storage for a approximately 200 
million m^ o f water. The purpose o f the Thames W ater reservoirs is first to meet 
customer demand for w ater when river flow is slow and secondly to act as a pre­
treatment facility to improve w ater quality. The management and maintenance o f 
the Thames Valley reservoirs is undertaken by Thames W ater Utilities. In-situ 
weekly w ater samples are collected for every reservoir in the Thames Valley to 
determine whether it is suitable to pass on to the treatment works. The presence 
o f algae at certain times o f the year are found to be a considerable nuisance in 
Thames Valley w ater reservoirs (Anderson et al., 1997). Algal blooms o f various 
species appear in the Thames Valley reservoirs at different times since the existing 
reservoirs differ in size, shape and management methods (Anderson e/ ah, 1997). 
Algae can affect the treatment works depending on their blocking and penetrating 
characteristics (Anderson et al., 1997). The only tools that have been available to 
monitor the algal presence is direct physical sampling which is a "massive 
undertaking" (Anderson et al., 1997). However remote sensing techniques, such 
as the airborne campaign done by Anderson et al. (1997) for the Lower Thames 
reservoirs have been shown to provide a useful technique for monitoring algal 
blooms in these reservoirs. Satellite remote sensing techniques are recognised as 
being capable o f providing a much-refined synoptic view o f the w ater quality in 
w ater reservoirs. There is therefore a possibility that ground sampling can be 
replaced by remote sensing techniques if  the atmospheric intervention problem can 
be dealt with satisfactorily.
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D ark and large targets: The long term stability and radiometric calibration o f 
satellite sensors can be verified through repetitive measurements o f stable, large 
ground sites. Price (1987) suggests that the best target for this application is 
ocean w ater since the both wavelength dependence and absolute value o f  clear 
ocean w ater reflectance are known. Furthermore the satellite observations o f 
large w ater bodies permits evaluation o f atmospheric corrections. For example, 
Teillet (1992) used the vast Baskatong Reservoir in the Province o f Quebec in 
Canada to test his atmospheric correction algorithm. The w ork o f Teillet and 
Fedosejevs (1995) indicates that the use o f dark surfaces w ith very low reflectance 
in the visible wavelengths (such as the Canadian lakes) in a correction technique 
provides a suitable atmospheric correction. Teillet and Fedosejevs suggested that 
other pseudo-invariant targets could serve as dark targets in different geographical 
areas. In the present study large w ater reservoirs (exceeding 1 km by 1 km) are 
considered in the role o f dark target.
W hat is the magnitude of atmospheric effects in water bodies?
Atmospheric effects contribute significantly to the signal received by a multi- 
spectral scanner. Over water areas, atmospheric effects account for the major 
proportion o f the at-satellite received signal (Rogers and Peacock, 1973; Piech 
and Schott, 1974; Sturm, 1981; Royer et al., 1987; Cracknell and Hayes, 1993; 
Mullhearn, 1995). In the literature, it has been reported that these effects range 
from 38 % up to 100 % o f the received signal in the visible bands for inland and 
ocean w ater bodies. For example, by using ground measurements, Rogers and 
Peacock (1973) found that the at-satellite radiance o f  inland w ater bodies, such as 
ponds and rivers, as measured by Landsat MSS comprised more than 50 % 
atmospheric radiance in the visible bands. Sturm (1981) reported that the 
contributions o f the atmospheric path radiance to the signal received by a visible 
wavelength sensor from the sea surface are for clear sea water 81.2-97 % and for 
turbid sea w ater 64.1-97.4 %. Royer et al. (1987) compared the radiometric 
accuracy o f Landsat TM and MSS sensors over selected water areas including
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lakes and rivers. By comparing the at-satellite reflectance values with the 
atmospheric corrected values for the lakes studies, it was found that for the 
Landsat MSS bands 1-4 the atmospheric effects ranged from 38-100 % and for 
Landsat TM  bands 1-4 ranged from 43-100 %.
W hat are the principal advantages of nsing satellite remote sensing to 
monitor water quality in inland water bodies?
Monitoring w ater quality typically involves costly and time consuming in-situ boat 
surveys in which w ater samples are taken and returned to a laboratory for testing 
o f w ater quality indicators e.g. chlorophyll-a (an indicator o f algae) and suspended 
solids. This method allows accurate measurement within a w ater body but only at 
discrete points (Curran et al., 1987).
Satellite remote sensing has been a valuable tool in providing a complete and 
synoptic geographical coverage o f w ater quality in fresh w ater systems. The 
principal benefit o f satellite remote sensing for inland w ater quality monitoring is 
the production o f  synoptic views without the need o f costly in-situ sampling. 
Arenz (1994) reports that
"... spectral remote sensing techniques can be an efficient precursor or 
alternative sampling strategy to in-situ data collection and subsequent 
analysis..." (p.2).
United Nations Environment Programme (1994) highlight the use o f  earth 
observation satellites to monitor w ater quality in lakes and reservoirs after 1972 
which was the world's first earth observation satellite launch, Landsat-1. They 
report that
"Since then, the technology o f  remote sensing has been greatly 
developed. Today this technology can provide much needed 
information-for example, on some aspects o f w ater quality or 
vegetation cover-for lakes and wetlands where access is difficult or
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where a large area needs to be surveyed and the cost o f a ground 
survey would be too high. Relatively inexpensive personal computers 
can be used for image processing. Although problems remain-for 
example, the availability o f cloud-free images is the major obstacle in 
humid tropical countries-satellite imaging, can be used as a monitoring 
tool for basin management in developing countries...." (UNEP, 1994 
p.25).
The potential o f using satellite rem ote sensing techniques to monitor w ater quality 
in developing countries, where the substantial costs o f in-situ monitoring makes 
the management and monitoring impossible, has been shown by the study 
performed by Choubey (1994) in the Tawa reservoir in Central India. Choubey 
(1994) mentions that
"There i^/no government private agency to monitor w ater quality o f 
the Ta\^^reservoir (Central India) covering large areas. It is apparent 
that a timely low cost method providing information on w ater quality 
to various users o f the reservoir water is important. Conventional 
methods involved tedious and expensive in-situ and laboratory studies. 
Satellite-borne sensors have capabilities o f providing repetitive, low 
costs, multi-spectra, timely, reliable information over areas... " (p. 122).
In addition, spectral analysis o f remotely sensed images give an indication o f the 
physical properties in w ater bodies, the algal distribution and accurate estimates o f 
the overall trophic status without the need for costly ground truth sampling. 
Remote sensing techniques may also be used to design or improve in-situ sampling 
monitoring programmes by locating appropriate sampling points (Dekker et al.
1995). A  further benefit is the capability o f establishing spectral statistical 
relationships o f satellite data with water quality parameters, enabling
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characterisation o f the w ater quality o f the inland w ater bodies under 
investigation.
The importance o f removing atmospheric effects from satellite images for w ater 
quality studies has been shown by Piech and Schott (1974). Piech and Schott 
(1974) report that
"A most useful optical parameter for remote sensing analyses o f lakes 
is the relative value o f the blue to green reflectances o f  the lake. 
Variations in the blue and green reflectance ratio can be correlated 
with variations o f important optical and biological parameters 
measured from surface vessels. Accurate measurement o f  the blue to 
green reflectance ratio requires careful removal o f atmospheric effects.
D ata processing (atmospheric correction) is particularly crucial 
because: (1) lakes are usually the darkest objects in the scene; (2) 
minor reflectance variations can correspond to important physical 
changes; (3) lake systems extend over broad areas within which 
atmospheric conditions may fluctuate; (4) seasonal changes are o f 
im portance... "(p.89).
Many inland w ater quality studies have used non-calibrated and non-atmospheric 
corrected data, producing results that are comparable neither temporally nor 
spatially (Verdin, 1985). Verdin (1985) reports that
"Failure to account for atmospheric effects when working with multi- 
spectral imagery can potentially lead to erroneous assessments o f 
reservoir trophic state" (p.352).
To overcome these limitations in satellite remote sensed data, it is essential to use 
a calibration o f the satellite signal in comparable units and to apply an atmospheric 
correction and a correction for the sun to sensor variability (Verdin, 1985; Lindell 
e ta l., 1986).
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The atmospheric interactions o f ground reflected radiance and the development of 
atmospheric correction algorithms have been analysed and investigated in several 
studies (for example, Chandrasekhar, 1960; Turner et al., 1971; Turner and 
Spencer, 1972; Fraser, 1974; Chavez, 1975; Ueno et al., 1978; Gordon, 1978; 
Tanre et al., 1979; Sturm, 1981; Tanre et al., 1981; Dias et al., 1982; Sturm, 
1983; Switzer g /a /., 1981; Fraser e /a /., 1992; G o rd o n s/a /., 1983, Forster, 1984; 
MacFarlane and Robinson, 1984; Kawata et al., 1988, Kim and Elman, 1990; 
Putsay, 1992; Wrigley et a l ,  1992; Gonima, 1993; Gilabert et al., 1994; Vermote 
et al., 1997b and c). M ost published atmospheric correction methods were 
developed for use over oceans, coastal waters or land and unfortunately, no 
information is at present available about the suitability and effectiveness o f the 
available atmospheric correction methods for spectral images o f small, inland 
w ater bodies, particularly reservoirs. The most widely used atmospheric 
correction is the one first developed by Gordon (1978) and extended by Gordon 
and Clark (1981) and later by Gordon et al. (1983), concerning ocean colour. 
This correction is based on the very low reflectance o f  the open ocean in the red 
region o f the spectrum, which is assumed to be completely zero. Kaufman 
(1989) suggested that the only possible applicable atmospheric corrections for 
inland w ater bodies, are the corrections applied over land.
In summary, in considering atmospheric correction over inland w ater bodies such 
as reservoirs, there are two significant problems. The first is that there are no 
specific atmospheric correction algorithms developed for this particular 
application. The second is that no comparative assessment and evaluation o f  the 
current atmospheric correction algorithms has been conducted.
The arrangement o f the thesis is as follows;
The importance o f applying atmospheric correction in the pre-processing o f 
satellite remotely sensed data is considered in Chapter 2. It includes a brief
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description o f the pre-processing steps, the basic concept o f atmospheric 
correction with particular emphasis on the atmospheric interactions and physics. 
A  classification o f the available atmospheric correction methods is presented.
A  review o f the current literature for the remote sensing o f inland waters is 
presented in Chapter 3. The spectral signature o f reservoirs from previous studies 
is described. A  list o f studies that have used atmospheric correction is provided, 
as well as a list o f studies in which atmospheric effects have been neglected.
Chapter 4 describes the research methodology. Emphasis is given to the 
description o f  the area under investigation, the resources and methods that were 
used in this project.
Chapter 5 describes the ground measurements used in this research. These consist 
o f spectro-radiometric data, locational and water chemistry data.
The application o f  the image-based atmospheric correction methods is presented 
in Chapter 6. A  review o f each method, through a description o f how the method 
works, is included. The image-based methods are the darkest-pixel (DP) method, 
the covariance matrix method (CMM), the regression and regression intersection 
methods (RM, RIM), the multi-temporal normalisation (MTN) method using 
pseudo-invariant targets.
Chapter 7 presents a description o f the methods that make use o f  radiative transfer 
calculations and atmospheric modelling. These methods are: (i) the use o f 
meteorological data with atmospheric model (Turner and Spencer, 1972; Forster, 
1984); (ii) the ATCOR-2 atmospheric correction algorithm (Richter, 1997a and b) 
and (iii) the 6S code (Vermote et al., 1997b and c).
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A new atmospheric correction method is presented in Chapter 8. It is based on 
the use o f bright and dark pseudo-invariant targets (PITs). The new method has 
been applied at three geographical areas. Results from the three sites are 
presented.
Chapter 9 presents two novel methods o f assessing the degree o f atmospheric 
pollution. Both methods use inland waters as dark targets. One method uses the 
derived atmospheric path radiance to indicate the atmospheric pollution, both 
spatially and temporally, using images (Landsat TM band 1) acquired over 
relatively brief time period. The other method derives temporal variations in the 
aerosol optical thickness, using dark objects in Landsat TM band 1.
Chapter 10 presents a general discussion with emphasis on: comparison between 
the atmospheric corrected data and the ground data; the suitability o f the reviewed 
atmospheric correction techniques in the remote sensing o f reservoirs; the effects 
o f the atmosphere in the correlations o f chlorophyll-a (chl-a) and particulate 
organic carbon (POC) with reservoir reflectances; and the beneficial role o f dark 
targets to assess atmospheric pollution using satellite earth observation.
Chapter 11 presents the main conclusions o f this thesis.
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Chapter 2
Atmospheric correction 
and its role 
in satellite image processing
2. ATM OSPHERIC CORRECTION AND ITS ROLE IN SATELLITE  
IM AGE PROCESSING
After the remotely sensed data have been received and undergone preliminary 
correction at the ground receiving stations, the next step is to pre-process the 
data. Pre-processing refers to those operations that are precede to the main 
analysis, and include geometric and radiometric corrections. Radiometric 
correction is more difficult than correction for geometric effects since the 
distributions and intensities o f these effects are often inadequately known (Chavez 
and MacKinnon, 1994). Radiometric correction is o f great importance and cannot 
be neglected in the pre-processing o f remotely sensed data (Richards, 1994; 
Steinwendner and Werner, 1999). Techniques for sensor calibration, correction 
for topographic and view angle effects that are included in the radiometric 
correction category are well established. The most difficult step o f radiometric 
correction is the removal o f atmospheric effects. Despite the variety o f  techniques 
which can be used to estimate the atmospheric effect, atmospheric correction 
remains an ill-determined step in the pre-processing o f  image data and requires 
further investigation (Hope et a l ,  1997).
This Chapter describes briefly the main pre-processing techniques. It discusses 
the physics o f  the atmospheric effect on satellite remotely sensed data and 
provides a comprehensive list o f the available atmospheric correction algorithms.
2.1 Pre-processing of remotely-sensed data
Pre-processing  in relation with the digital analysis o f  remotely sensed data refers 
to those operations that are preliminary to the image display and analysis 
. (Campbell, 1996; Mather, 1999). Remotely sensed data in their raw  format, as 
received from imaging sensors, contain flaws and deficiencies. Pre-processing
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involves in the correction o f those deficiencies and the removal o f flaws present in 
the data (Mather, 1999). Since the perfect remote sensing system has not yet 
been developed and constraints on the spectral, spatial, temporal and radiometric 
resolution are still present, errors in the data acquisition process degrade the 
quality o f  the remotely sensed data. Such degradation has an impact on the 
accuracy o f the subsequent analysis and extraction o f useful information (Jensen,
1996). Therefore, it is necessary to pre-process the data prior to further analysis 
in order to  achieve an accurate and quantitative interpretation o f remotely sensed 
data (Teillet, 1986). McCloy (1995) defines pre-processing as the processing o f 
raw data into commonly-used, standard, physical units o f measurement, both 
spatial and radiometric. M ather (1999) reports the difficulty o f classifying pre­
processing techniques and suggests the following three categories: geometric 
correction; radiometric and atmospheric deficiencies and the removal o f  data 
errors. Generally the main categories o f pre-processing o f  image data are 
geometric and radiometric corrections (Teillet, 1986; ERDAS, 1994; Lillesand 
and Kiefer, 1994; Jensen, 1996; Campbell, 1996). Radiometric corrections are 
distinguished between those effects which are scene-related such as atmospheric 
effects, topographic, view angle effects, illumination effects and target 
characteristics and those which are sensor related such as sensor calibration and 
de-striping (Teillet, 1986). It is important to mention that there are no "standard" 
pre-processing steps since each study requires individual attention.
2.1.1 Geometric correction
The need for geometric correction is related to a number o f factors which cause 
geometrical distortion o f image data such as the curvature o f the earth, the 
rotation o f the earth during image acquisition, platform instability and panoramic 
distortion (Lillesand and Kiefer, 1994; M ather 1999). The geometric correction 
process is normally applied as a two-step procedure namely the correction for 
systematic distortions that are predictable and the correction o f  random distortions
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that are unpredictable. Mathematical modelling formulae for systematic 
distortions are well established and well understood. Random and unknown 
systematic distortions are corrected using ground control points (GCP). The first 
step o f the process is to register the image to a mapping grid. A  number o f GCP's 
are required, located in both the map co-ordinate system and the image line/pixel 
co-ordinate system (Forster, 1989; Novak, 1992). These two sets o f  co-ordinates 
are used to determine the mathematical relationship between the image and map 
co-ordinates, using transformation equations. The level o f the transformation 
equation, for example, first order or second order transformation is dependent on 
the complexity o f the relationship between the image and map projections. In the 
case o f  a first order transformation, a minimum o f three GCP's are required to 
calculate the transformation coefficients. Ground control points must be well- 
defined, w ith high contrast in all the images o f interest, be small in feature size, 
and must be unchanging over time (Schowengerdt, 1997). Examples o f GCP's are 
road intersections, river features, corners o f agricultural fields. I t is very 
important to confirm that the GCP's have not changed between the images that are 
being registered. By using the transformation equations, every pixel in the image 
can be transformed to its equivalent map positions. The next step is to determine 
the pixel values to fill the output matrix from the original image matrix. This 
process is called resampling. The simplest resampling method is the nearest- 
neighbour method, in which the value o f the pixel in the input image closest to  the 
computed co-ordinates is assigned to the output pixel (Lillesand and Kiefer, 1994; 
Richards, 1994; Jensen, 1996; Schowengerdt, 1997; Mather, 1999).
2.1.2 Radiometric correction
Radiometric errors generally result from two sources. Firstly, radiometric errors 
can arise from the instrumentation used to record the data, for example within the 
sensor itself when the individual detectors do not function properly or are not 
correctly calibrated. Secondly, the presence o f the atmosphere contributes
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significant noise and the signal recorded by the sensor does not represent the 
signal reflected by the target. Steinwendner and Werner (1999) reports that 
radiometric correction is used to calibrate pixel values into terrain reflectance 
values, accounting for variations in ground surface irradiance (due to varying sun 
elevation angle), and finally accounting for absorption and scattering processes 
and influence o f the sensor parameters.
The corrections that are usually included in the radiometric correction category 
are: sensor calibration, de-striping, atmospheric correction, illumination and view 
angle effects.
De-striping
De-striping is the method used to remove the presence o f a systematic horizontal 
banding pattern which sometimes appears in the images produced by electro­
mechanical scanners such as Landsat MSS and TM. The main cause o f this 
pattern is an imbalance in the detectors that are used in the scanning process. De- 
striping should be applied before any geometric corrections, while the data array is 
still aligned to the scan direction. De-striping methods such as the linear method, 
histogram matching, and low-pass filtering are well established and are described 
by Schowengerdt (1997) and M ather (1999).
Sensor calibration
In the case where the user needs to compare images acquired at different times or 
from different sensors or if  remotely sensed data are to be used to determine 
reflectance values, digital numbers (DN) must be converted to radiances or 
reflectance. Calibration in units o f radiance or reflectance is an important 
processing step before atmospheric correction can be applied. The methodology 
for the calibration o f Landsat TM  presented by Hill and Aifadopoulou (1990) is 
widely used and well accepted. This methodology is based on the conversion o f 
DN to at-satellite radiance values using calibration offset and gain coefficients for
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each spectral band. These calibration coefficients must be updated (due to 
deterioration o f detectors w ith time) from ground measurements such as the field 
measurements performed at White Sands, New Mexico (see Chapter 4). The next 
step is to  convert the at-satellite radiance values into at-satellite reflectance using 
the solar irradiance at the top o f the atmosphere, sun-earth distance correction and 
solar zenith angle. Further description o f this process is presented in Chapter 4.
Atmospheric correction
Atmospheric correction is an essential part o f  the pre-processing o f data (Mather, 
1999). Any attempt to estimate the target reflectance from a remotely sensed 
image without dealing with the effects o f interactions between the incoming and 
outgoing electromagnetic radiations with the atmosphere cannot be successful. 
The atmospheric contribution to the satellite signal occurs when the 
electromagnetic radiation (EMR) from the sun passes through the atmosphere, is 
reflected by the earth and then again passes through the atmosphere and is 
detected by the satellite sensor. The interaction processes which occur during the 
two-way passage through the atmosphere are mainly scattering and absorption 
processes. These processes add to or decrease the true ground-leaving radiance 
and their intensity is dependent on the wavelength. I f  estimates o f the 
atmospheric effects are successfully found then it is possible to  extract the true 
target radiance for further analysis. Numerous investigators have studied the 
effects o f  the atmosphere on satellite remotely sensed data and highlighted the 
importance o f  correcting these effects (for example. Turner and Spencer, 1972; 
Ahem et al. 1979; Tanre et al., 1983, Teillet, 1986). Significant spatial and 
temporal variations o f atmospheric conditions makes the correction difficult and 
complex (Chahine, 1983). Furthermore the target under investigation plays a 
significant role in the type o f correction that may be applied.
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Illumination and view angle effects
In addition to  atmospheric effects, the magnitude o f the signal recorded by a 
satellite sensor is dependent on the solar elevation angle, angle o f vievr o f  the 
sensor, slope o f the ground target relative to the sun. The sun elevation 
correction accounts for the seasonal positions o f the sun relative to the earth. The 
most common sun elevation correction is to  divide each pixel value by the cosine 
o f  the sun's angle from the zenith (Lillesand and Kiefer, 1994). The angle o f view 
o f the sensor is important and controls the upward path length. A  nadir view 
angle sensor such as Landsat TM  will be affected less by atmospheric effects than 
an off-nadir view.
Topographic effects
For a flat terrain the calculation o f the solar zenith angle is readily obtained. 
However, for a non-flat terrain the calculation o f incidence angle requires a digital 
elevation model (DEM) which must be expressed in the same co-ordinate system 
as the image to  be corrected. Several formulae have been used to calculate the 
slope angle effects from a DEM  with the most simplest being the Lambertian 
cosine assumption (Jensen, 1996; Mather, 1999).
Generally speaking, after a satellite image is geometric corrected, the next steps 
are (i) to convert the DN to radiance or reflectance, (ii) remove the atmospheric 
effects (including topographic correction) and finally (iii) to retrieve the true 
target radiance or reflectance (see Figure 2-1). The need to take account o f 
atmospheric effects in the pre-processing o f satellite data, and especially on w ater 
targets for both single and multi-temporal studies provides the opportunity to 
describe the concept o f atmospheric correction and the available correction 
methods found in the literature.
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2.2 The concept of atmospheric correction
The interactions between the direct solar radiation and the radiation reflected from 
the target w ith the atmospheric constituents are termed the "atmospheric effect" 
(Kaufman, 1989). Atmospheric gases, aerosols (airborne particulate matter) and 
clouds scatter and absorb solar radiation by changing its true spectral and spatial 
distribution as recorded by the satellite sensor.
The following sections describe the characteristics o f the atmosphere; the 
interactions o f electromagnetic radiation with the atmosphere; the atmospheric 
optics; how the choice o f atmospheric correction method is dependent on the type 
o f the target and the sensor characteristics; how the total atmospheric effect can 
be quantified and modelled; and the types o f atmospheric correction approaches 
that are available.
2.2.1 Atmospheric constituents
The atmosphere is divided into four layers: (1) the troposphere which is the lowest 
layer o f  the Earth's atmosphere, extending to a height o f 8-15 km. Molecules o f 
nitrogen and oxygen compose the bulk o f the troposphere; (2) the stratosphere 
which stretches above the troposphere to  a height o f 50 km. It is a region o f 
intense interactions among radiative, dynamical, and chemical processes. The 
stratosphere is warmer than the upper troposphere, primarily because o f  a 
stratospheric ozone layer that absorbs solar ultraviolet energy; (3) the mesosphere 
is at a distance 50 to 80 km above the Earth, in which there is diminished ozone 
concentration and radiative cooling becomes relatively more important; (4) the 
thermosphere, which begins at a height o f about 80 km. The thermosphere is sub­
divided into two additional parts: the ionosphere and the exosphere. The 
ionosphere extends from 80 to 550 km above the Earth's surface. The exosphere
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extends from 550 km to thousands o f kilometres into space. It is here that 
satellites orbit the earth.
Atmospheric gases, aerosols and clouds are the main causes o f atmospheric 
attenuation o f  the direct or reflected sun radiation. It is therefore o f use to 
consider the constituents o f the atmosphere.
The main components o f  atmospheric gases in a dry atmosphere are 78% 
nitrogen, 21% o f oxygen (as O2 ) and small amounts o f  w ater vapour H 2 O; carbon 
dioxide, CO 2  and ozone O3 which account for almost 1%. These percentages are 
fixed within the lowest 90 km o f  the atmosphere (Chahine, 1983). Gaseous 
absorption is associated with specific absorption bands. Gas molecules in the 
atmosphere also cause scattering.
Atmospheric aerosols are liquid or solid particulates which are suspended in the 
air. The main sources o f formation o f atmospheric aerosols are land surfaces, 
human activities, oceans and gases in which chemically active gases are transferred 
into liquid form in the atmosphere either fi*om natural or man-made sources. The 
Department o f  the Environment (1996) describes in detail the sources o f airborne 
particulate matter. They reported that the main sources o f aerosols are;
♦ suspension o f  soil dust. The action o f wind on dry loose soil surfaces cause 
particles to blow into the air.
♦ seasalt: Waves on the sea cause the ejection o f many tiny droplets o f seawater 
in the atmosphere. These droplets dry by evaporation and leaving seasalt 
particles suspended in the air. Coastal areas are more affected more by this 
phenomenon.
♦ prim ary sources: I f  particles are directly emitted from a source, they are 
termed "primary". Primary emissions o f particulate matter can arise from (a) 
Road transport, in which primary emissions come from the exhaust and also 
from tyre and brake wear. Road transport is one o f the main contributors to
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the formation o f PMio (particulate matter with diameter less than 10 \xm). In 
the UK, that road transport accounts for about 1/3 o f emissions o f PMio 
(Department o f the Environment, 1986); (b) Stationary combustion such as 
emissions from domestic coal burning and power stations. Domestic coal 
burning emission is more significant in small towns where coal and other solid 
fuels are widely used, rather than in cities; (c) Emissions from
agricultural activities (e.g. land preparation, fertiliser application); (d) 
Emissions from other mobile sources (e.g. railways, shipping and aircraft).
♦ secondary sources: this term  refer to  those particles that are formed from the 
chemical oxidation o f atmospheric gases. For example, sulphur dioxide and 
nitrogen dioxide (both emitted by combustion sources) are oxidised in the 
atmosphere to form sulphates and nitric acid respectively (Department o f the 
Environment, 1996). It was found that concentrations o f  nitrates have 
increased steadily from 1954 to  1986 in Southern England (Department o f the 
Environment, 1996).
The size o f  particulate m atter ranges from a few nanom eters to tens o f 
micrometers. The majority o f the particulate matter is comprised by particulate 
m atter smaller than 10 |im. Particles with diameter less than 2.5 p.m are normally 
described as fine and those w ith 2.5-10 p.m are termed coarse particles. Figure 2- 
2 shows an example o f fine and coarse particles imaged using electron microscopy 
(Department o f the Environment, 1986)
Kaufman (1989) noted the importance o f the physical characteristics (e.g. size 
distribution, refractive index, shape o f the particle, spatial distribution o f  the 
particle concentration) in determining the optical effects o f  aerosols. These 
physical characteristics make the analysis o f  the aerosol effect in remote sensing 
complicated. Several methods have been used to determine the aerosol effect. 
The m ost usual one consists o f using the available information regarding 
geographical location and the season in an optical model. For example, Kneizys et
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al. (1983) refers to  five types o f aerosol (rural, urban, maritime, tropospheric, fog) 
and considers the aerosol size distribution as a function o f  the relative humidity.
M ost types o f  clouds that occur between the ground and a higher observational 
platform obscure completely the ground in the wavelength range 0.3-3.0 p,m. The 
radii o f  cloud particles varies from 1 to 100 |Lim  (Chahine, 1983). W ater droplets 
with radii o f above 10 pm  are present in clouds, and all the visible wavelengths are 
scattered by such particles.
2,2.2 Interaction processes
Solar radiation must travel through the earth’s atmosphere before it reaches earth. 
As the electromagnetic radiation is reflected by the earth, it passes again through 
the atmosphere before it is detected by the satellite sensor. This propagation o f 
electromagnetic radiation through the atmosphere is affected by two essential 
processes: scattering and absorption. The components affecting the remote 
sensing signal in the 0.4-2.5 pm  range are shown in Figure 2-3.
Atm ospheric scattering
Scattering is defined as the redirection o f the electromagnetic radiation due to the 
presence o f particles which are suspended in the atmosphere or due to  the 
presence o f large molecules o f atmospheric gases. It is a rapid process since the 
incoming light is absorbed by a particle and then quickly emitted in another
direction.
! j
Scattering may be divided into (a) molecular or Rayleigh scattering, (b) aerosol or 
Mie scattering and (c) non-selective scattering (Campbell, 1996; Mather, 1999). 
The most significant type o f scattering is Rayleigh scattering which affects the 
short visible wavelengths and results in haze.
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Rayleigh scattering: takes place when atmospheric particles have diameters 
that are small relative to the wavelength o f  the radiation (Elachi, 1987; 
Campbell, 1996). Typically such particles could be very small particles o f dust 
or some o f the molecules o f atmosphere gases, such as N 2  and O2 . These 
particles have diameters which are smaller than the wavelength o f 
electromagnetic radiation o f interest (Mather, 1999). Since air molecules 
(oxygen and nitrogen) are small in size (smaller than wavelengths o f visible 
light), they scatter more effectively at shorter wavelengths. Molecular 
scattering is dependent on wavelength and it is inversely proportional to  the 
fourth power o f the wavelength i.e. shorter wavelengths are affected more than 
longer wavelengths. For example, blue light (wavelength 0.4-0.5 pm) is more 
powerfully scattered than red light (0.6-0.7 pm) (Mather, 1999). Effects due 
to  Rayleigh scattering from atmospheric gases are well established since the 
major gases (nitrogen and oxygen) are well mixed and their concentrations with 
altitude are known (Wrigley et a l ,  1992).
M ie scattering: is caused by larger particles present in the atmosphere such as 
dust, smoke or w ater droplets. Such particles have diameters which are 
approximately equivalent to the wavelength o f the scattered radiation (Mather, 
1999). Those particles can be divided into two classes (1) the haze or dust 
particles called particulate (2) clouds. Mie scattering affects shorter 
wavelengths more than longer wavelengths, but to  a lesser extent than in 
molecular scattering. Mie scattering tends to be greatest in the lower 
atmosphere in which larger particles are more abundant.
Non-selective scattering: is produced by particles with radii greater than 
10pm. Such particles include relatively large w ater droplets (present in 
clouds), or large particles o f airborne dust or ice fragments. It is not a 
wavelength dependent process (Mather, 1999).
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Absorption
The process in which radiant energy is retained by a substance is termed 
absorption. For the majority o f the absorption o f solar radiation, three gases are 
responsible: carbon dioxide, w ater vapour and ozone (Mather, 1999). These 
gases absorb radiation in particular regions o f the electromagnetic spectrum, 
known as absorption bands. In certain parts o f the optical spectrum, absorption is 
very strong. For example, some vibrational and rotational properties o f the 
molecules o f  w ater vapour, CO2, or O3, make the use o f particular spectral 
absorption regions in satellite remote sensing impossible (Elachi, 1987). 
However, other regions o f  the spectrum with low absorption and high 
transmission, termed "atmospheric windows" may be used. Landsat TM  is 
designed to collect data in spectral regions o f high transmittance.
2.2,3 Atmospheric optics
Some o f the important parameters for atmospheric optics are described in this 
section. These are the optical thickness, the extinction coefficient, and the 
scattering phase fonction.
The fondamental parameter in the atmospheric optics is the optical thickness 
which is based on the Lambert-Bouger law o f transmission (Slater, 1980; Chahine,
1983). As a beam o f radiant energy propagates from a source at Xj to receiver at 
, there is loss o f energy due to the effects o f scattering and absorption. The 
fraction o f the energy which is transmitted along a homogeneous path for a 
particular wavelength (À) is given by the Lambert-Bouger law:
t {x , « 2  -  ) = exp[- K,  (X). -% i)] f2-JJ
where
2-12
T  is the transmittance (fraction o f energy transmitted) 
volume-extinction coefficient
In the absence o f  the atmosphere, the transmittance o f solar radiation to  the 
ground would be 100 %. However, because o f interaction processes (scattering 
and absorption) not all the incident solar radiation passes through the atmosphere 
and reaches the ground. Transmittance describes the amount o f solar radiation 
that does pass, relative to that for no atmosphere.
The volume extinction coefficient, (km^) describes the fraction o f energy 
taken from the direct beam by the atmospheric constituents i.e. the energy loss.
The exponent product index in equation (2-1) is defined as the optical thickness, r  
(Slater, 1980, Kaufinan, 1989). The volume extinction coefficient, is not 
constant along the path, and the optical thickness can be calculated by from the 
integral :
T{Z,x,-x,) = ]KXX).dx
The atmospheric optical thickness in the vertical direction from the earth's surface 
(zi) to  the top o f  the atmosphere (%) is defined as (Turner and Spencer, 1972):
T{X,z) = jKXX).dx
where
z height variable
zi=0 at the earth's surface
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Z2=oo at the top o f the atmosphere
The angular distribution o f the scattered light is described by the scattering phase 
function, P(6) where 0  is the scattering angle (Chandrasekhar, 1960). The 
scattering phase function specifies the firaction o f the radiation scattered in the 
forward and backward direction. Generally, P(6) defines the magnitude or 
amount o f  scattering (Schott, 1997). The combination o f the molecular scattering 
with an increasing amount o f aerosol makes the phase function assymetric 
(Kaufman, 1989). Further documentation and formulae for both aerosol and 
Rayleigh scattering can be found in Chandrasekhar (1960) and Stewart (1985).
The atmospheric optics described in this section are important parameters when a 
detailed modelling is performed. The most important parameter is the optical 
thickness since it describes the optical state o f the atmosphere. A  more detailed 
description o f  on the optical thickness and scattering phase function is given in 
Chapter 7 in which atmospheric modelling techniques are presented.
2.2.4 Factors a ffecting the choice o f  atmospheric correction
The choice o f  an atmospheric correction method is dependent on the type o f the 
target, its application and the satellite characteristics:
♦ Target: The target under investigation is important in order to  select a
possible method o f atmospheric correction and when developing an 
atmospheric correction method (Kaufinan, 1989). For example Fraser and 
Kaufman (1985) found that the remote sensing o f a dark target will be affected 
mainly by atmospheric back-scattering (atmospheric path radiance) o f  the 
direct sunlight to the sensor. Moreover, dark areas surrounded by bright 
objects are significantly affected. This adjaoency effect is due to the fact the 
high up-welling radiance o f  th ^ ^ ^ ^ æ n d e ^ a n d  contributes to the satellite 
signal o f  a dark object. The effect is}especially apparent in high resolution
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satellite systems such as Landsat TM and SPOT (Tanre et al., 1987; Richter, 
1990). In the development or selection o f an atmospheric correction 
algorithm, other factors must be considered, specifically the range o f values o f 
the surface reflectance; the spatial variability o f the target; and the type o f 
target.
♦ Applications: In practice, the atmospheric correction is dependent on the 
application o f  the remotely sensed data. For example, for applications in which 
knowledge o f the vegetation index is used, is affected only by the differences 
between the atmospheric effect in the two wavelengths used in the index. In 
the case o f  classification and the selection o f  training areas in the image, the 
classification is only affected by the variation o f the atmospheric effects across 
the image. The remote sensing o f the w ater quality in lakes and reservoirs, in 
the vicinity o f bright objects, would be affected by the presence o f  the adjacent 
land which depends on the forward-scattering characteristics and different 
correction algorithms from those applied for open oceans may be adopted 
(Kaufman, 1989). Finally, the remote sensing o f ocean colour may require 
different correction algorithms, since ocean w ater is dark and does not have 
high spatial variability and therefore the atmospheric back-scattering has a 
predominant effect (Kaufman, 1989).
♦ Satellite characteristics: The spectral bands o f  the satellite systems are
important factors since the data recorded depend on the sensor characteristics. 
The spectral bands in which electromagnetic radiation is recorded differs from 
sensor to  sensor. Light in the visible is scattered more than the long 
wavelengths, so sensor bands that fall within the visible wavelengths are o f 
great importance in the atmospheric correction.
The basis o f any correction o f a satellite image is to identify and understand the
processes which contaminate the image. In the case o f atmospheric effects, the
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origin o f any attempt to  perform atmospheric correction to satellite data is to set 
up an equation which describes all the processes with the associated atmospheric 
parameters and variables, which contribute to  the attenuation o f  the signal 
received by a satellite sensor (Chandrasekhar, 1960; Turner and Spencer, 1972). 
Such equations are called radiative transfer (RT) equations. The processes 
described in an RT equation are the scattering and absorption by atmospheric 
gases, aerosol, and clouds o f the electromagnetic radiation.
The significant problems in the atmospheric correction o f  remotely sensed data are 
the difficulty o f obtaining accurate values for th é^p aram ete rs  used in a radiative 
transfer equation (Mather, 1987; Kaufman and Sendra, 1988) and the limited 
availability o f the atmospheric correction parameters in the analysis o f most 
images (Duggin and Robinove, 1990).
Since atmospheric effects are mainly caused by scattering and absorption o f 
atmospheric gases, aerosol and clouds, the modelling o f the characteristics o f the 
atmosphere is an important element o f  an atmospheric correction. These optical 
characteristics can be extracted from several sources, including the general 
climatology o f the area under investigation (Kneizys et al., 1983; Fraser et al.,
1984); the image itself (Gordon et al., 1983); or ground measurements (Kaufinan 
and Fraser, 1983). Molecular scattering and absorption are not considered to vary 
temporally or spatially (Kaufinan, 1989). Nevertheless, aerosol scattering and 
absorption do vary and these are the main variables in the atmospheric effect on 
satellite remote sensing (Kaufinan, 1989; Wilson, 1989). One way to describe the 
information which refers to the atmospheric optical characteristics is by using the 
following four parameters (Kaufinan, 1989): the aerosol optical thickness; the 
phase function (the angular distribution o f the scattered radiation which is the 
probability that light will be scattered into a unit solid angle); the single scattering 
albedo; and the gaseous absorption. The main problem in atmospheric correction 
is the difficulty in determining these optical characteristics.
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2.2.5 Simulation o f atmospheric effects
For estimating the effects o f the atmosphere, it is necessary to model all the 
atmospheric mechanisms in relation with the at-satellite received signal. M ost 
atmospheric correction methods are based on this approach and use radiative 
transfer calculations to  solve this problem. Radiative transfer calculations (RTC) 
describe quantitatively the parameters involved in the attenuation o f the 
electromagnetic radiation which leaves the target and reaches the satellite sensor 
(Chandrasekhar, 1960). It is essential to formulate a RT equation which will 
adequately describe all the interaction processes that occur (Chandrasekhar, 1960; 
Cracknell and Hayes, 1993).
Turner et al. (1971), Turner and Spencer (1972) and Turner (1975) considered 
the problem o f the atmosphere to be described by equation (2-4). For every 
wavelength /I:
P t ,E o .T {e ,) ' [  (2-4)
^ts ~ -T Lip71
where
is the at-satellite radiance
P<Z is the diffuse target reflectance (Lambertian)
Ea is the global irradiance reaching the target
is the transmittance from the target to the sensor
e . is the sensor viewing angle
4 is the atmospheric path radiance
It is important to mention that the convenient and commonly used approximation 
for reflectance is to assume Lambertian scattering behaviour (Teillet, 1986) in
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which the surfaces are assumed to  be perfectly diffused reflectors. The difference 
between the remote sensing o f a uniform and non-uniform Lambertian surface is 
based mainly in the inclusion o f the background (or adjacency) effect (radiation 
reflected from the surrounding areas) in the non-uniform Lambertian surface. 
This case is examined in Chapter 7.
In the absence o f an atmosphere the transmittance is 100%. Equation (2-4) is 
based on an assumption o f a plane-parallel atmosphere, bounded by a flat non- 
uniform surface. In equation (2-4), the atmosphere is assumed to be one­
dimensional i.e. the variations in the atmospheric structure occur only in the 
vertical direction.
The most difficult parameter to be determined is the atmospheric path radiance, 
L p . The effect o f the aerosol path radiance is particularly dififlcult to evaluate, 
due to the complexity o f the multiple-scattering process. This problem effectively 
prevents the complete analytical modelling o f atmospheric effects. Several studies 
have been used to give a solution to this problem by considering a single 
scattering case. For example. Turner and Spencer (1972) have derived a 
correction algorithm for determining the atmospheric path radiance by considering 
the effects o f background reflectance and atmospheric scattering. Background 
reflectance is an important parameter, especially in the use o f remote sensing in 
inland waters, since the contribution o f the adjacent land surface reflectance to  the 
satellite received signal is significant (Tanre et al. 1987). Some authors have 
separated the background reflectance term from the atmospheric path term  and 
considered it as a distinct parameter. For example. Hill and Sturm (1991) 
calculate the background reflectance term by using a moving average filter for the 
target under investigation.
A  more detailed explanation o f the fundamental equations and theory o f 
atmospheric correction are presented in Chapter 7.
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2.2.6 Atmospheric correction methods
The intervening atmosphere between the terrain o f interest and the remote sensor 
can contribute significant noise and atmospheric attenuation. The objective o f 
atmospheric correction is to retrieve the surface reflectance or target radiance 
fi*om remotely sensed images by removing the atmospheric effects. It is useful to 
review how such errors may be removed from the remotely sensed data by 
considering the available approaches. W hen selecting an atmospheric correction 
algorithm for a specific application, it is necessary to consider the nature o f  the 
problem, the type and the characteristics o f the remote sensing system that is 
being used to collect the remote sensing data, the amount o f in-situ historical 
atmospheric information available, and the accuracy required in the determination 
o f the biophysical information (for w ater bodies: chlorophyll a, suspended 
sediment, temperature) that is sought.
Kaufinan (1989) presented a review o f some o f the atmospheric correction 
methods for every application. Kaufman reported that, for the remote sensing o f 
oceans, the atmospheric correction is based completely from the image itself by 
considering that the ocean w ater is almost completely black in the red and N IR  
region. Then the at-satellite upward radiance in these bands is assumed to 
represent the amount o f molecular and aerosol scattering, which can be calculated. 
Moreover, for the remote sensing o f land surfaces, Kaufman (1989) mentioned the 
atmospheric correction is commonly applied using dark controllable objects such 
as dense dark vegetation or w ater and provides example o f  some his correction 
techniques. For the remote sensing o f inland w ater bodies, Kaufinan mentioned 
that atmospheric correction like those applied on ocean waters cannot be applied 
due to  the presence o f the surrounding land, and recommends that the only 
possible atmospheric correction method is an over land technique such as that by 
Kaufman and Sendra (1988) using dense dark vegetation and w ater targets.
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Bearing in mind that there is no specific atmospheric correction for the inland 
w ater bodies, it is useful to review the methods that are found in the literature and 
investigate their performance in these applications.
The problem o f atmospheric intervention has received considerable attention fi*om 
researchers in remote sensing who have developed a range o f  methods, either 
simple or sophisticated. The sophisticated methods require auxiliary information 
about the state o f the atmosphere which are obtained either from standard 
databases or fi*om simultaneous in-situ field measurements or by iterative 
techniques (Turner and Spencer, 1972; Kneizys et ah, 1983; Richter, 1996; 
Vermote et al., 1997b and c). It has been demonstrated that, using ground-based 
measurements to obtain atmospheric optical properties, target reflectances can be 
successfully obtained from remotely sensed images (Slater et a l ,  1987; M aracci et 
a l ,  1986). However, this method requires extensive field w ork and substantial 
expenditure if  it is to be adopted. It cannot therefore be considered to  be useful 
for routine operational support. Independent atmospheric data are almost never 
available for any given image, so the only possible "robust approach to  the 
problem is to estimate atmospheric parameters from the image itse lf  
(Schowengerdt, 1997 p.314). The basic requirement for operational use is to 
provide an atmospheric correction using only information from the image itself, or 
from routinely acquired meteorological data. The main problem o f such a method 
is that atmospheric properties vary spatially, and make the correction uncertain. 
Ground measurements are still needed to judge the accuracy o f scene-based 
atmospheric corrections (Hill, 1993).
The basic philosophy o f atmospheric correction is to  determine the optical 
characteristics o f the atmosphere, and then to  apply this information in a 
correction method (Kaufman, 1989). De Haan et al. (1991), Cracknell and Hayes 
(1993), Campbell (1996), Jensen (1996), Hadjimitsis (1997) and Hope et al. 
(1997) describe and attempt to categorise several AC methods. Based on these
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classifications, and by further taking into account the source o f atmospheric 
optical characteristics as a tool o f  classification, the following three 
categorisations have been identified
1) Corrections that are applied principally using information extracted from the 
satellite images themselves. For example,
♦ Darkest p ixe l or histogram minimum m ethod
(Crane, 1971; Chavez, 1975; 1988, 1989, 1996; Chavez et a l ,  1977, 
Crippen, 1987; M oran et a l ,  1992; Campbell, 1996, Jensen, 1996; 
Schowengerdt, 1997 etc.)
Other versions o f the DP method are the "Ocean method" (e.g. Griggs, 
1975) and the "Dense vegetation method" (e.g. Kaufman and Sendra, 
198%^
♦ Covariance matrix method  
(Switzer e /a /., 1981; Mather, 1987),
♦ Regression method
(Potter and Mendolowitz, 1975; Crippen, 1987; Mather, 1987),
♦ Regression intersection m ethod  
(Crippen, 1987),
♦ M ulti-tem poral normalization m ethod using pseudo-invariant targets 
(Schott et a l ,  1988; Caselles and Garcia, 1989; Hall et a l ,  1991; 
Hadjimitsis e /a /., 1998),
♦ Chromaticity analysis
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(Afoldi and Munday, 1978; Munday, 1983; Lindell and Karlsson, 1986)
2) Corrections that are derived using atmospheric modelling and radiative 
transfer calculations (for example, ATCOR-2 as shown by Richter, 1990; 
1996, 1997a&b). There are tw o options, using either an atmospheric model 
code (e.g. Kneizys et a l ,  1983 and 1988) or an atmosphere-surface simulation 
(Turner and Spencer, 1972; Tanre et a l ,  1990). Atmospheric optical 
properties may be obtained from historical or standard or meteorological 
databases. Some typical examples o f these models are the following
♦ the Low tran or M odtran code (Kneizys et al, 1988).
♦ the 5S model (Tanre et a l ,  1990) [now 6S model (Vermote et a l ,  1997b 
and c)].
♦ the SMAC (Rahman and Dedieu, 1994) which is largely derived from 5S 
model.
♦ the Turner and Spencer (1972) model (see also Turner, 1973; 
Turner, 1975; Forster, 1984).
3) Applying a correction using optical properties obtained from ground 
measurements (Kaufman and Fraser, 1983; Van Stokkom and Veugen, 1985; 
Kaufrnan, 1989) or from other satellite or aircraft sensors (Cracknell and 
Hayes, 1993).
Previous researchers have noted the difficulty o f  classifying AC methods due to 
the overlapping nature and inter-dependence o f some o f the methods (De Haan et 
a l ,  1991). For example, Verdin (1985) applied a combination o f  two methods. 
His first method used dark elements in the image (a clear lake), which is classified 
as the first category, and his second method used the Turner and Spencer (1972) 
model, which is classified in the second category. Therefore the three 
classification groupings presented above are neither standard nor unique.
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From the above list o f available methods, only the third category has not been 
applied in the present study. For every other technique, a review and description 
o f every method through implementation to  the Landsat-5 TM images o f Staines 
area is presented. Corrections included in category 1 (except chromaticity 
analysis) are described in Chapter 6 and those included in category 2 (except 
SMAC model) are presented in Chapter 7.
2.3 Summary
The user must be prepared to deal with the geometrical properties o f  the satellite 
images, the external effects that contribute significantly in the at-satellite signal 
and be capable o f choosing an appropriate atmospheric correction technique. Pre­
processing techniques are more important in multi-temporal studies in which 
geometric corrected images in radiance or reflectance are required. Geometric, 
de-striping, illumination and topographic corrections are well formulated and 
established. However, the correction for atmospheric effects is not well 
developed and is not specifically designed for certain applications such as inland 
w ater bodies. The removal o f atmospheric effects is important step which must be 
considered in the pre-processing o f remotely sensed data.
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Figure 2-2. (a) Mixed small particles (the branched chain structures are probably 
vehicle-generated particles (b) Two large particles approximately 5 pm 
in diameter (Department of the Environment, 1996).
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Û2, CO2 
Trace gases
20 km
ozone, stratospheric aerosols
8 km
Molecules
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HjO, tropospheric aerosol
, \ Ground surface , ,
--------
Figure 2-3. Description of the components affecting the remote sensing signal in the 
0.4-2.5 pm range (based on Vermote, 1996 p.7 and Vermote et aL, 1997c)
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Chapters
The remote sensing 
of inland waters
3. THE REM OTE SENSING OF INLAND W ATERS
Generally, w ater quality concentrations in w ater bodies have been estimated by 
measuring back-scattered light using a radiance sensor placed some distance 
above the w ater surface (Kirk, 1983). These spectrometric sensors can be 
classified as satellite systems such as Landsat Multi-spectral Scanner (MSS), 
Landsat Thematic M apper (TM) and the Nimbus-7 Coastal Zone Colour Scanner 
(CZCS) (CZCS was specifically designed to  estimate oceanic chlorophyll-a 
concentration); airborne systems such as Daedalus Airborne Thematic M apper 
(George, 1997) and hand-held spectro-radiometers (for example, Blanchard and 
Leamer, 1973; Arenz et a l ,  1996) such as GER1500 and ASD Alexa devices.
Remote sensing o f  inland waters has been developed since the early 1970's 
(Dekker et al., 1995). Clark et al. (1970) published one o f the first studies 
utilizing aircraft remote sensing to  map algal biomass (chlorophyll-a). The use o f 
remotely sensed images gives an indication o f the distribution o f colour and its 
associated physical properties in the water. Multi-spectral satellite imagery 
provides synoptic coverage and quantification o f  the spatial distribution o f w ater 
properties (Gitelson et al., 1993). The application o f remote sensing to assess 
freshwater bodies allows the monitoring o f large w ater bodies w ithout the 
necessity for traditional field and laboratory analyses (Harrington et al., 1992).
This Chapter presents a brief review o f the studies that deals with the remote 
sensing o f inland waters. Emphasis is given to  the w ater quality parameters that 
were used. Several authors used spectro-radiometric techniques to describe the 
spectral signatures o f lakes and reservoirs (for example, Tyler, 1965; Tyler and 
Smith, 1967; Dekker et al., 1992a and b; Dekker et al., 1997). The only available 
spectral signatures from spectro-radiometric data for w ater reservoirs, w ere found 
in Arenz et al. (1996) and in Ritchie et al. (1976, 1977). However, only the
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spectro-radiometric measurements given by Arenz et al. (1996) w ere appropriate 
since these referred to eutrophic reservoirs and the spectral data did not include 
any diffuse and glitter sky irradiance effects. The spectral signature o f the 
reservoirs studied by Arenz et al. (1996) is presented in this Chapter. A  
discussion o f  the signatures is given in Chapter 10.
3.1 Satellite remote sensing of inland waters
The only available source o f satellite data until the Landsat TM  became 
operational in 1984 was Landsat MSS. Several authors have referred to  the use 
o f Landsat MSS (for example, Lindell et al., 1986; Ritchie and Cooper, 1987; 
Lillesand et al., 1983; Ritchie and Cooper, 1991). Landsat TM  sensor and SPOT 
High-resolution visible sensor (HRV) were found to  be more suited than Landsat 
MSS in the remote sensing for inland w aters because o f their superior spatial 
resolution. Landsat TM and SPOT HRV data have been widely used by 
investigators to determine the w ater quality (for example. Jacquet and Zand, 
1989; Baban, 1993; Dekker and Peters, 1993; Lathrop, 1992; Yacobi et al., 1995) 
and SPOT HRV  data (Lathrop and Lillesand, 1989; Chacon-Torres et al., 1992). 
The improvements in the design and the spatial, spectral and radiometric 
resolution o f the TM over the MSS have made the TM  better suited for w ater 
quality applications. The main advantage o f using Landsat TM  and SPOT HRV 
data is that, due to their high spectral resolution (30m x  30 m), these systems can 
also monitor smaller areas (Ritchie et a l ,  1990; Dekker et a l ,  1995).
Ideally, the m ost appropriate satellite system for inland w ater studies is the one 
which would have both high spatial and spectral resolution with a better temporal 
resolution than TM (16 days), MSS (18 days), SPOT HRV and Panchromatic (26 
days). For inland waters, temporal resolution is very important since it provides 
the means o f obtaining a more detailed and comprehensive view o f how  the w ater
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quality distribution changes with time. Multi-temporal techniques are widely used 
for change detection and classification techniques at regional levels particularly in 
variable environments (Hill, 1993).
3.1.1 Review o f  studies dealing with the remote sensing o f inland waters
M ost o f the published w orks in which Landsat MSS, TM  and Spot HRV data 
have been used for monitoring inland w ater quality studies, describe the use o f 
sampling measurements in combination with the digital imagery (Harris et al., 
1976; Verdin, 1985; Lathrop et al., 1991). The most common w ater quality 
parameter that has been correlated with DN or radiance or reflectance is 
chlorophyll-a. Numerous studies have been published in which chlorophyll-a 
distributions, and estimates o f  chlorophyll-a concentrations have been made using 
remote sensing. For example, Harris et al. (1976) used Landsat MSS images to 
evaluate lake w ater quality by focusing on surface algal blooms. Allee and 
Johnson (1999) used Landsat TM  imagery to estimate chlorophyll-a 
concentrations in a large reservoir in USA. For the development o f predictive 
equations using satellite remote sensing techniques, some other parameters are 
also widely used. These are suspended solids concentrations (Ritchie et al., 
1976), turbidity and Sechhi disc depth (Alle and Johnson, 1999). Turbidity can 
provide an indirect measurement o f  suspended particle concentration (Allee and 
Johnson, 1999).
Many researchers have investigated the changes in surface w ater radiance and 
reflectance resolved by a satellite sensor in relation to their w ater quality 
parameters (for example, Lathrop and Lilessand, 1986; Ritchie and Cooper, 1988; 
Schiebe et al., 1992). Statistical techniques such as linear regression (Ritchie et 
a l,  1976; Ritchie and Cooper, 1988; Dekker and Peters, 1993; Baban, 1993), 
polynomial regression (Ritchie and Cooper, 1991) and log-transformed linear 
regression (Lathrop and Lillesand, 1986, 1989; Lathrop et a l ,  1991; Lathrop,
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1992; Ritchie and Cooper, 1991; Dekker and Peters, 1993) have been used to 
investigate the correlation between spectral wave bands or waveband 
combinations and w ater quality parameters. Predictive equations for w ater quality 
parameters have been established from the determined correlations.
Dekker et a l  (1995) reviewed 22 published case studies in which Landsat MSS, 
TM  and SPOT HRV data were used to  image inland fresh w ater bodies. O f these, 
10 studies used uncalibrated data (DN) to establish predictive equations with 
w ater quality parameters. From the 22 review studies, 13 did not apply any 
correction, 7 applied the darkest pixel method, and 2 used atmospheric modelling. 
Following the literature survey made by Dekker et a l  spanning the period 1984 to 
1995, the author has extended the review to include studies from 1972 to 1999. 
This is summarised in Table 3-1.
From Table 3-1, it is apparent that relatively few studies have used atmospheric 
correction and m ost studies ignore this problem. There is evidence that non­
calibrated and non-atmospheric corrected data produce results that are 
comparable neither temporally nor spatially (Verdin, 1985). Also, improved 
correlation coefficients between w ater quality parameters and MSS radiance 
values have been found after darkest pixel atmospheric correction was applied 
(Ritchie et a l ,  1987). A  further benefit o f the use o f atmospheric correction is the 
capability to  permit the application o f the resulting predictive equations to the 
estimation o f inland w ater quality conditions using images obtained on dates when 
surface sampling data would not be available (Verdin, 1985). In the case o f  time- 
series images, any omission for atmospheric effects will give unreliable results 
(Afoldi and Munday, 1978; Verdin, 1985).
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(a) Landsat MSS
Water body AC Parameter Spectral
bands
Statistical
technique
Author (is)
Small water areas of Cootes 
Paradise, Canada
X turbidity
chl-a
MSS 2 
MSS 3,4
LR
LR
Harris et al. 
(1976)
Lake Ontario X turbidity MSS 1,2, 3,4 - Pluhowski (1976)
Missisipi reservoirs (USA) X SS MSS-3 LR Ritchie et al. 
(1976)
lakes in Wincosin (USA) ✓ Trophic
status
MSS - Scarpace et al. 
(1979)
Neuse river at North 
Carolina
X chl-a
SS
MSS 1,2, 3,4  
MSS 1,2, 3,4
LR,
LR
with band ratios
Khorram& 
Chessire (1985)
Mono lake (USA) / chl-a
SD
MSS 4 
MSS 4
LR
LR
Almanza and 
Melack(1985)
Lake Malarane (Sweden) / SS MSS 4 LT-LR Lindell et al. 
(1986)
Moon lake (USA) y SS MSS 3
MSS 1,2, 3,4
LR
MLR
Ritchie et al. 
(1987)
Moon lake (USA) y SS M SSl LR Ritchie & 
Cooper (1987)
Moon lake (USA) y SS
SS
SS
MSS 3
MSS 1,2, 3,4  
MSS 4
LR
MLSR
LR
Ritchie & 
Cooper (1988)
Moon lake (USA) y SS MSS 4 LR Ritchie et al. 
(1990)
Enid Reservoir (USA) y SS MSS 2 
MSS 3 
MSS 2 
MSS 1/2 
MSS 1,2
LR
LR
LT-LR
LR
POLYNOMIAL
Ritchie & Cooper 
(1991)
Lake Chicot (USA) / SS MSS 1,2, 3,4 LR,MLR Schiebe et al. 
(1992)
Lake Balaton (Hungary) X chl-a MSS 1,2, 3,4 MLR Shimoda et al. 
(1996)
Table 3-1. Review of published work investigating the use o f satellite remote 
sensing to inland water (after Dekker et ah, 1995) (a) Landsat 
M SS (b) Landsat TM and (c) SPOT HRV (Continued overleaf).
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(b) Landsat TM
Water body AC Parameter Spectral
bands
Statistical
technique
Author (s)
Norfolk Broads (UK) % chl-a
SS
SD
TM3*
TM l*
TM l*
LR, MLR 
LR,MLR 
LR,MLR
Baban (1983)
Green Bay, Lake X chl-a TM2 LT-LR Lathrop &
Michigan (USA) SS
SD
TM2
TM2
LT-LR
LT-LR
Lillesand (1986)
50 lakes (Switzerland and 
France)
X Trophic status TM l, 2 ,  3,4 Chromaticity Jacquet & 
Zand (1989)
Albufera lagoon, 
Valencia
y chl-a TM l LT-LR Garcia & 
Caselles (1989)
11 lakes (Spain) X chl-a
chl-a
SD
SD
TM l, 5, 7 
TM 2,7,5  
TM l, 7 
TM 2,6
MLR
MLR
MLR
MLR
Casas
&Martinez
(1989a&b)
Green Bay, Lake y SS TM3/1 LT-LR Lathrop et al.
Michigan (USA) SD TM3/1 LT-LR (1991)
Green Bay, Lake 
Michigan, Yellostone 
(USA)
y SS
SD
TM2/1
TM3/1
LT-LR
LT-LR
Lathrop (1992)
Lake Balaton (Hungary) X chl-a MSS 3/1 
MSS 2/3 
MSS 2/1
LR
LR
LR
Gitelson et al. 
(1993)
Venic lagoon y . classification of 
algae according 
to depth
TMl, 2, 3,4 Tassan(1992)
15 lakes (Netherlands) X chl-a
SS
SD
TM2
TM2
TM3
LR
LR
LR
Dekker & 
Peters (1983)
15 lakes (Netherlands) X chl-a
SS
SD
chl-a
SS
TM4 
TM l 
TM 2,3 
TM 4-2+1 
TM 3-2+1
LR
LR
LR
MLSR
MLSR
DHV(1988)
3 LAKES (Netherlands) X chl-a
SS
TM l
TM l
LR
LR
Appelman 
eta/. (1993)
16 lakes (Netherlands) X chl-a
SS
SD
TM 1+2-3 
TM 1-2-4 
TM2-4
MLSR
MLSR
MLSR
Roeters & 
Buiteveld 
(1993)
Lake Kinneret (Israel) y chl-a TM4/3 LR Yacobi et al. 
(1995)
Hinghue Lake X biomass (Chl-a) TM 1,2, 3,4 PRINCIPAL
COMPONENT
ANALYSIS
Zhang(1998)
Bull Shoals reservoir 
(USA)
y/ chl-a
SD
T M l,2, 3,5 POLYNOMIAL Alle&
Johnson (1999)
Table 3-1. Continued (Continued overleaf).
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(c) SPOT HRV
Water body Parameter Spectral bands Statistical
technique
Author (s)
Green Bay (USA) X chl-a SPOT 2/1 LT-LR Lathrop &
SS SPOT 2/1 LT-LR Lillesand
SD SPOT l/(l+2+3) LT-LR (1988)
Green Bay (USA) X chl-a SPOT 3 LT-LR Lathrop &
< SS SPOT 2/1+3 LT-MLSR Lillesand
SD SPOT 3 LT-MLSR (1989)
3 lakes (Netherlands) X chl-a SPOTl LR Appelman
SS SPOTl LR etal. (1993)
Te-chi Reservoir (Taiwan) X chl-a SPOT 3/2 LR Yang et al.
SD SPOT 1/2 LR (1996)
Phosphorous SPOT 1/3 LR
Table 3-1. Continued
3.2 The remote sensing of reservoirs
Reservoirs are most commonly used for w ater supply, flood control, hydropower 
generation and other functions (Cooke et ah, 1993). The great public awareness 
and higher w ater quality standards "place reservoir eutrophication control among 
the foremost issues within the w ater reservoir management" (Casas and Martinez, 
1989b). Casas and Martinez (1989b) demonstrated that the key component to 
develop strategies for controlling eutrophication is to  up-to-date information on 
the trophic conditions in the reservoirs. Recent increases in the appearance o f 
algal blooms in reservoirs increases the need for monitoring programmes that can 
detect spatially and temporally environments in which the algal blooms may 
appear well before there is a w ater quality problem (for example, high turbidity 
levels) (Jupp et ah, 1994). Remote sensing is found to  be an important addition 
to a monitoring system o f inland waters, particularly in large reservoirs, since "it 
provides a platform for mapping w ater parameters in a consistent way over wide 
areas at a (near) instant o f tim e..." (Jupp et al., 1994, p.801). Satellite remote 
sensing is found from several studies to be a valuable tool for both surface 
mapping and eutrophication surveillance o f large reservoir surface areas ( for 
example, Verdin 1985; Casas and Martinez, 1989a and b, Choubey, 1994).
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In the monitoring o f w ater quality in inland waters, the traditional approach o f 
collecting samples for laboratory testing requires many hours o f field w ork and 
laboratory analysis. This direct method is well accepted and widely used for a 
variety o f  surface waters. The approach is also used for large reservoirs but the 
collection o f numerous samples in a series o f large reservoirs requires a lot o f 
manpower, high cost and considerable time (Harrington et a l ,  1992). Therefore, 
satellite remote sensing o f reservoirs has been adapted as an alternative approach 
by several researchers such as Ritchie et al. 1976, 1977; Jacquet and Zand, 1989;
Verdin, 1985; Ramsey et a l ,  1992; Choubey, 1994; Choubey, 1998; Allee and 
Johnson 1999. Chlorophyll-a and Sechhi disc depth are the m ost widely used 
w ater quality parameters in the remote sensing o f reservoirs. Suspended sediment 
and sediment deposition in reservoir reduces its storage capacity and penetration 
o f  light into the w ater (Choubey, 1994). A  brief review o f the studies that have 
used satellite remote sensing techniques to monitor w ater surveillance in 
reservoirs is presented below.
Ritchie et al. (1976, 1977) investigated the remote sensing o f suspended solids
(SS) in Mississippi Flood Control Reservoirs. A  portable spectro-radiometer
equipped with fibre optic probe was used to measure the reflected solar radiation
over w ater Im  above the w ater surface (Ritchie et al., 1977). It was found that
the reflectance increased between 450-900 nm as the concentration o f suspended
sediment increased. Spectro-radiometric reflectance values acquired in the
Mississippi reservoirs were correlated best w ith the concentration o f  SS at 800nm
(Ritchie et al., 1977). Ritchie et al. (1976) found that linear regression gave the
best fit relationship between Landsat MSS a n ^ ^ ^ o n c e n tra tio n s  at 700 and 800 ^
nm for the Mississippi reservoirs. The reflectance values presented by Ritchie et
al. (1977) and the reflectance values given by Ritchie (pers. comm., 1999) are
generally high. Based on discussions with Ritchie (pers. comm., 1999), it has
been concluded that these values w ere high due to  the deployment o f the fibre
optic probe above the water, because the diffused sky irradiance and sun-glitter
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effects which had a significant contribution to the w ater reflectance and were not 
taken into account.
Verdin (1985) used seven Landsat MSS images o f  the Palming Gorge reservoir in 
Utah and Wyoming to investigate w ater quality conditions obtained from 
concurrent surface sampling data. Verdin used the Turner and Spencer (1972) 
atmospheric model for removing the atmospheric effects from the satellite scenes. 
This gave the opportunity to develop w ater quality predictive equations and to 
estimate the reservoir conditions for the images for which no concurrent surface 
sampling was available. A  least square regression model was used to  develop 
equations for the Secchi transparency and chlorophyll-a concentration. Best 
correlations w ere obtained for MSS band 2 with Secchi disc depth and for MSS 
band 3 with chlorophyll-a
Casas and M artinez (1989a and b) used Landsat-5 TM  images (dated from June 
1985 up to  October 1985) o f 11 reservoirs in Spain ranged from 150-1200 ha 
w ater surface, to develop predictive equations for chlorophyll-a and suspended 
solids concentrations. They reported that the choice o f image and sampling dates 
was concentrated only to summer period for the following reasons:- 
♦ summer is the period in which critical and continuecf eutrpocatiomoccurred
♦ summer is the period in which there is a higher likelihood o f cloud-free imagery 
availability
♦ the management o f w ater quality is o f greatest concern in summer period due 
to high w ater supply demand.
Casas and Martinez used multiple linear regression to relate radiance values w ith 
w ater quality parameters. The highest correlations for chlorophyll-a w ere found 
when multiple linear regression was performed with combinations o f TM  bands 2, 
5 and 7 and TM  bands 1 and 4 w ere used. For Sechhi disc depth, the highest 
correlation was found when TM bands 2 and 6, and TM  bands 1 , 4 , 5  and 6 were 
used.
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Choubey (1998) used field data and remotely sensed data from the Indian Remote 
Sensing Satellite-IA Linear Imaging Self-Scanning System (IRS-IA-LISS-I^) to 
assess the suspended solids concentration and Secchi disc depth o f  the Tawa 
reservoir. The main conclusions that Choubey (1998) drew from this study were:
♦ that the reflected radiance increased as the suspended sediment concentration 
was increased.
♦ and that the reflected radiance increased as the sechhi disc depth was 
decreased.
Choubey also found that the visible band (0.62-0.68 pm) and N IR  band (0.77- 
0.86 pm) w ere well correlated with low and high concentration o f suspended 
sediment and secchi disc depth.
Allee and Johnson (1999) used Landsat TM imagery correlated with field data to 
develop predictive equations for chlorophyll-a and Secchi disc depth o f  Bull 
Shoals reservoir in Arkansas (USA). A  darkest pixel atmospheric correction was 
applied to the data prior to  any statistical use. They found that chlorophyll-a 
produced reflectance peaks in the Landsat TM band 2. They observed that the 
seasonal variability o f algal composition as an important factor, and they 
developed two models, one for summer and the other during winter time. The 
summer model made use o f Landsat TM  bands 1 , 2 , 3  and 5 and the winter one 
TM  bands 2 and 3. The predictive equation for Secchi disc depths correlated only 
TM  band 3.
Other studies have indicated reflectance in TM  band 1 is an important predictor o f 
chlorophyll-a for the remote sensing o f  reservoirs (for example, Casas and 
Martinez, 1989a and b; Ritchie et al., 1990).
 ^LISS-I bands are: band! 0.45-0.52 pm; band 2 0.52-0.59 pm; band 3 0.62-0.68 pm, and band 4 0.77- 
0.86 pm
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From  the studies described above, is apparent that that the spectrum which is 
useful to  extract correlations o f  w ater quality parameters w ith satellite data is 
ranged from 450 to 900 nm. The spectrum o f every inland w ater body, especially 
reservoirs, is affected due to scattering and absorption o f the incident light by 
w ater molecules and particle concentrations. These tw o mechanisms are 
described in the next section.
3.3 Absorption and scattering o f inland waters
As light penetrates the w ater column is attenuated due to light absorption and 
scattering from phytoplankton and other particulate matter, dissolved organic 
matter and the w ater itself (Dekker et al., 1992; Bukata et al., 1995 ). The 
amount o f light attenuated and depth differs for each wavelength. The solar 
radiation at the surface o f w ater and the light attenuation within the w ater are very 
important factors for the ecology o f inland w aters (Mobley, 1994). Bukata et al.
(1995) and Dekker et al. (1995) categorise w ater optical properties in terms o f 
"the apparent" and "inherent" optical properties. The "apparent" optical 
properties o f w ater are dependent on the spatial distribution o f the incident 
radiation (e.g. reflectance) and the "inherent" properties are those that are totally 
independent o f the spatial distribution o f the incoming radiation but which depend 
on the concentrations o f suspended particles (organic and inorganic). Absorption 
and scattering coefficient are two examples o f "inherent optical properties".
Absorption
Absorption by inland waters is the process in which the light penetrating the w ater 
body is retained by matter. Absorption by pure w ater is relatively low in the blue 
and green spectral regions (Davies-Colley, 1983; Mobley, 1994). Absorption by 
pure w ater increases at wavelengths greater than 550 nm and become significantly 
higher in the infrared region (Dekker, 1991; Dekker et a l ,  1992b; Arenz, 1994)
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(see Figure 3-1). The absorption coefficient (a(2J in m'^) is the term  used to 
define the fraction o f light absorbed. The absorption by w ater itself is as well 
known and interest lies in determining the absorption due to various particulate 
matter and dissolved substances in w ater sample (Mobley, 1994).
Commercial instruments are used for in-situ and laboratory measurements for 
determining absorption within the sample (Mobley, 1994). M ost inland waters are 
characterised by a strong exponential absorption coefficient at wavelengths below 
500 nm (Arenz, 1994). This is due to the presence o f dissolved organic carbon 
(DOC) which is an important absorption component in most o f inland waters 
(Kirk 1977a; Kirk, 1983; Mobley, 1994). Dekker et al. (1992) found in highly 
eutrophic lakes that there is an exponentially increasing absorption o f  irradiance at 
wavelengths o f 500 nm down to 400 nm. Figure 3-2 shows the absorption 
spectrum o f w ater (10cm below the surface) from the Bear Creek Reservoir (a 
eutrophic w ater body in Colorado Front Range) in which its light absorbing 
behaviour is due to the DOC. The absorption behaviour o f non-living particulate 
matter (organic or inorganic) is similar to the DOC (Arenz, 1994).
Generally, the particles in an inland w ater consist o f  phytoplankton (a type o f 
algae), dead organic matter and inorganic matter. Phytoplankton algae are strong 
absorbers o f visible light. The concentration o f photosynthetic pigments, like 
chlorophyll-a, is already extensively used to estimate phytoplankton biomass 
(Mobley, 1994). Absorption by chlorophyll-a itself is found to be strongly in the 
blue and in the red region with peaks at approximately 430 and 665 nm.
Scattering
Scattering is defined as the process in which photons change direction through 
interactions with matter (Dekker et al., 1992b; Mobley, 1994). Scattering
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obstructs the vertical penetration o f the incoming light by causing photons to take 
a "zig-zag path" from one particle to the next one. This re-direction o f  light 
increases the probability o f  photons to be absorbed.
Scattering in the w ater column occurs through tw o f principle scattering 
mechanisms: the density fluctuation (Rayleigh scattering) and the scattering by 
particles (Mie scattering) (Mobley, 1994). For pure water, Rayleigh scattering 
predominately results from w ater molecules, which scatter short wavelengths 
more than longer wavelengths (Kirk, 1983). Therefore, the blue colour o f  pure 
w ater is due to the strong exponential increase in scattering which is especially 
significant in the blue region (Mobley, 1984 p. 117; Dekker, 1991). For example. 
Figure 3-3 shows the strong exponential relationship between scattering 
coefficient and wavelength (Dekker, 1991).
As soon as there is a slight amount o f particulate m atter in the water, the 
scattering coefficient increases significantly. This occurs in natural waters such as 
lakes and reservoirs. Despite the fact the scattering within pure w ater is 
important, the contribution o f pure w ater to total scattering is minimised by that 
o f suspended particles (Kirk, 1977b). Dekker (1993) found that the amount o f 
scattering is closely related to an increase in particulate matter concentration and 
the shape o f  the scattering spectrum is mainly due to the particle structure.
3.4 Reflectance o f inland waters and spectral regions of estimating water quality
Field spectroscopy has previously been applied to obtain radiance, irradiance and 
reflectance values o f freshwater, sea-water and pure w ater (Tyler, 1965; Tyler and 
Smith, 1967; Blanchard and Leamer, 1973; Jubb et a l ,  1994; Arenz et al., 1996). 
For example, Tyler and Smith (1967, 1970) studied the reflectance spectral
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behaviour o f ocean and lake water. They used the Crater Lake as an 
approximation o f pure w ater (see Figure 3-4). From Figure 3-4 is evident that 
there is a substantial decrease in reflectance in the green and values in the red are 
relatively low. From the literature, it was found that the reflectance spectrum of 
inland waters is efficient for remote sensing applications for the 500nm-700nm 
spectral region (Dekker, 1993). Therefore information about the w ater quality o f 
inland waters can be best obtained in the green to N IR  range. It is difficult to 
separate DOC and chlorophyll-a, since both their components absorb in the blue 
bands (Dekker 1990, 1991, 1992, Dekker et al., 1992; Gitelson and Kondratyev, 
1991). The main difference between inland w ater and ocean w ater is that higher 
concentrations o f algae and particulate matter are found in inland waters. The 
main advantage o f  using longer wavelengths in the remote sensing o f inland 
waters is the fact that atmospheric effects are influenced less by the long than the 
short wavelengths.
Almanza and Melack (1985) investigated the chlorophyll-a and Secchi disc depth 
seasonal variations o f Mono Lake (California) by collecting w ater samples in 
conjunction with spectro-radiometric measurements at the surface o f reflectance 
at the same time as satellite overpass in the period between M ay to  October 1979. 
Almanza and Melack used Landsat MSS images to relate chlorophyll-a and Sechhi 
disc depth with MSS band 4 (after applying atmospheric correction). 
Chlorophyll-a concentrations (in M-g/1), Sechhi disc depth (in m), extinction
coefficients (in m* )^ and reflectance measurements made with hand-held spectro-
'h ^ .V s-
radiometer converted to Landsat MSS in-band reflectances^re shown in Table 3-
2. For the eutrophic Mono Lake, the range o f in-band reflectance values in MSS 
band 1 which approximately matches with Landsat TM  band 2 (0.52-0.60 pm) 
was ^%)to 7.9 % (see Table 3-2). From Table 3-2, it is apparent that for very 
turbid w ater with K(par) ranged from 0.56-0.96, the effect is significant only in the 
MSS band 3 (0.7-0.8 pm).
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W ater quality 
parameters
Reflectance (%)
Dale chl-a
(/^/O
Secchi
disc
(in)
K(par) MSSl 
(0.5-0.6 gm)
MSS2 
(0.6-0,7 gm)
MSS3 
(0.7-0.8 gm)
18-May-7 9 10 1.3 0 56 7.9 3.0 06
27-June-79 4 6.3 0 J2 6.0 1.2 0.3
6-July-79 4 6.3 0.31 4.6 1.6 0.4
2-August-79 8 5.2 - 3.9 1.3 0.4
31-October-79 45 1.1 0.96 3.8 1.7 0.7
Table 3-2. W ater quality parameters and ground reflectance data converted 
to Landsat MSS in-band reflectances for Mono Lake (California) 
(reproduced from Almanza and Melack, 1985, p .l5 ).
Dekker et al. (1997) investigated reflectance spectra in different w ater types 
(shallow eutrophic lakes, shallow mesotrophic lakes, deep lakes and river canals) 
using a ground field spectro-radiometer. From these types o f  water, a higher 
reflectance was observed just below the surface in shallow eutrophic lakes with 
peak reflectance value at 550 nm o f 6 % and with chlorophyll-a ranged from 89- 
140 pg/1) (see Figure 3-5). Dekker et al. reported that the low reflectance 
observed in wavelengths less than 500nm are due chlorophyll-a absorption. 
Beyond 500 nm, absorption decreases and the reflectance increases. The lowest 
total absorption was observed at 650nm and 700-710 nm which coincided with 
the retrieved high scattering coefficients.
Reflectance values in a single band or ratios o f bands have been used to  correlate 
w ith w ater quality parameters. For chlorophyll-a, reflectance ratios at 440-670 
nm and 520-560 nm have generally been used. In some waters, chlorophyll-a and 
reflectance ratios o f N IR  to red are well correlated (Gitelson, 1992; M ittenzwey et 
al., 1992). For example, the reflectance ratio o f R 5 5 0 /R 5 2 0  (where R 5 5 0
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corresponds to the reflectance at 550 nm and R 5 2 0  is that at 520 nm) was found to 
provide the best estimate for chlorophyll-a in flve different lakes (Vertucci and 
Likens, 1989).
Quibell (1992) found that, the blue-green algae and the green algae had a peak in 
reflectance at 550nm and "troughs" at 665 nm which correspond to the absorption 
peak for chlorophyll-a.
Gitelson et al. (1993) described the reflectance spectrum o f Lake Balaton. The 
spectrum was found to  have a low reflectance value at wavelengths less than 
500nm due to absorption from both chlorophyll-a and dissolved organic matter. 
An increase in reflectance at wavelengths 560-590 nm was explained as the result 
o f  low absorption o f phytoplanton with a combined increase in back-scattering 
when particle concentration increases. This reflectance spectrum can be 
considered as a typical spectrum o f an inland w ater body.
DOC has been reported to be well correlated on several band combinations o f 
reflectance. For example, Vertucci and Likens (1989) found that the best estimate 
o f DOC was given by R4 9 3 /R 6 8 4  (where R 4 9 3  corresponds to  reflectance at 493 n m , 
etc.) and R 5 8 9 /R 6 2 0  in flve different lakes. Gitelson and Kondratyev (1991) found 
that the best estimate was given by R 7 0 0 /R 5 6 0 .
The spectral region in which reflectance values can be correlated w ith suspended 
solids are from 450 to 1050 nm (Chen et al., 1991). For the Landsat MSS and 
TM  sensors, the best spectral region for estimating SS concentrations is in the 
region from 700 nm up to 900 nm (Ritchie et al., 1976, Ritchie and Cooper, 
1988). Although the reflectance is low in the red to  N IR  region, the optimum 
wavelength for estimating SS was from 700 nm up to 900 nm (Han and
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Rundquist, 1996). Reflectance o f turbid waters, which are characterised by high 
particulate matter and SS concentrations tends to be greater across the spectrum 
due to the back-scattering (Kirk, 1983; Bowling et al., 1986).
It is very difficult to use predictive equations previously developed for other 
geographical areas (Arenz, 1994) since the w ater quality changes from time to 
time and is different from place to place, and the design layout o f every inland 
w ater body (reservoir, dam) o f the differs from area to area.
3.5 Reservoir’s spectral signature
A considerable amount o f w ork in the investigation o f the spectral signature o f 
lakes using ground spectro-radiometric techniques is reported in the literature (for 
example, Dekker and Peters, 1993). For reservoirs, the only source o f  spectro- 
radiometric data are found two different case studies undertaken by Ritchie et al. 
(1976, 1977) and Arenz et al. (1996). As was mentioned in Section 3.3, the 
reflectance values o f Mississippi reservoirs w ere found to  be unsuitable to-be-used 
as a reference for comparison with the reflectance o f Lower Thames reservoirs, 
since Missiasipi-reservoirs reflectance values include the effect o f  diffused and sun- 
glitter effects. However, the writer contacted Robert Arenz who supplied his 
spectro-radiometric data from the Colorado Front Range reservoirs. The w riter 
calculated the in-band reflectance values for Colorado reservoirs. These values 
were used for the comparison o f the spectral characteristics o f those reservoirs 
with the reservoirs in the Lower Thames Valley. In this section, the Colorado 
data from Arenz (1994) and Arenz et al. (1996) are presented. A  comparison 
with the Low er Thames Valley data is given in Chapter 10.
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3.5.1 Case study: Colorado F ront R ange Reservoirs
Spectro-radiometric data from the Colorado Front Range reservoirs, investigated I 
by Arenz et al. (1996), were obtained from Robert Arenz by the writer. This was ; 
a suitable study to compare with the spectral signature o f Low er Thames Valley 
reservoirs since the Colorado data presented by Arenz et al. (1996) showed very 
similar spectral signatures to  those found in other studies including Dekker (1993) 
as found be Arenz (1994). The trophic state (eutrophic) o f the Colorado 
reservoirs is similar to  that o f the Lower Thames Valley reservoirs. Arenz et al. 
(1996) analysed the spectral signature o f five eutrophic reservoirs w ith a mean 
depth ranging from 3m to 24m. The reported physical characteristics and data on 
light penetration and w ater quality for those reservoirs are reproduced in Table 3-
3.
Reservoir Mean
Depth
im)
R(I'AK)
{m^)
Secchi disc 
depth 
(/«)
chlorophyll-a
ifigd)
PC
(/#/?)
Bear Creek reservoir 8 1.00 1 75 11 7 1400
Chatfield reservoir 12 0^3 1.60 4.1 740
Main reservoir 3 0.84 1.80 10.1 1210
Cherry Creek reservoir 6 1.17 1.00 9.6 1160
Horsetooth reservoir 24 0.66 2.00 3.8 730
Table 3-3. Characteristics of Colorado Front Range reservoirs. PC  
corresponds to particulate carbon concentrations (reproduced 
from Arenz, 1994; Arenz et a/., 1996).
The spectral data o f Colorado Front Range reservoirs w ere collected using a 
ground spectro-radiometer held at approximately 1 m above the water. To 
minimise the incident specular and diffuse sky reflectance effects, the fibre optic 
probe was pointed toward the darkest area o f w ater (Arenz, 1994). Reflectance
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was found to range from 0.5 % to 4.5 % across the spectrum for the reservoirs 
(see Figure 3-6). Peaks in the green bands typically rose gradually to a maximum 
at 570 nm and then fell sharply, to  about 600 nm.
By applying several combinations o f single bands or ratios o f bands, Arenz et al.
(1996) found that reflectance ratios o f red to green wavelengths and ratios 
containing reflectance near 800 nm worked well for predictions o f chlorophyll-a in 
the Colorado reservoirs.
The in-band mean reflectance values for the five reservoirs w ere calculated by the 
writer to correspond to the first four Landsat-5 TM  spectral bands (see Table 3- 
4). A  further discussion about the reflectance spectrum o f Colorado Front Range 
reservoirs is presented in Chapter 10.
COLORADO FRONT RANGE RESERVOIRS: 
’TN-BAND REFLECTANCES” (%) FOR TM BANDS 1 ,2 ,3  AND 4
Rescnoir TMl TM2 TM3 TM4
Bear Creek resen oir 1.79 2.9 1.8 0.51
Chatfield rescnoir 1.99 2.9 1.6 0J6
Main resen oir 1.73 2.8 1.6 0.55
Cherry Creek resen oir 2j& 4.3 2.5 0.71
Horsetooth resenoir 3.19 4.2 2.2 0.51
Minimum 1.73 2.8 1.6 0.36
Maximum 3.19 4.3 2.5 0.71
Average 2.30 3.42 1.94 0.53
Table 3-4. M ean ground reflectance measured using an ASD Alexa 
spectro-radiometer converted to equivalent in-band  
reflectance values for Landsat-5 TM bands 1, 2, 3 and 4, 
calculated by the writer from data provided by Arenz for the 
Colorado Front Range Reservoirs) (Arenz, pers. comm., 1999).
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Figure 3-1. Absorption spectrum of pure water. Along the vertical axis 
absorption represents the absorption coefficient in m'^  
(redrawn from Dekker et al., 1992)
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Figure 3-2. Absorption spectrum (at 10 cm depth) of water from Bear Creek 
reservoir in Colorado (reproduced from Arenz, 1994).
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F igure 3-3. Scattering  spectrum  (presented in relative units) of pu re  w ate r 
a t 1 m (redraw n from  D ekker, 1991)
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Figure 3-4. Reflectance spectrum  of C ra te r  Lake, O regon a t a dep th  of 5 
m etres (redraw n from  A renz, 1994).
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Figure 3-5, Reflectance spectrum  of different type trophic status inland 
w aters (reproduced from  D ekker et al., 1997).
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Figure 3-8. M ean reflectance for Colorado reservoirs from  the spectro- 
radiom etric m easurem ents published by A renz et ai., 1996 
(Arenz pers. comm., 1999).
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Chapter 4
Research methodology 
and 
materials
4. RESEARCH METHODOLOGY AND MATERIALS
In this Chapter an outline o f the materials and methods required to  reach the goals 
described in Chapter 1 is presented^b^:6w. Firstly the study area, including all the 
details o f  the reservoirs and features in the area, is described. Secondly, the 
methodology adopted in this research, including all the available resources used is 
presented.
4.1 The study area
The study area is located to  the south and the w est o f Heathrow airport in the 
United Kingdom. It consists o f many reservoirs and small lakes. An emphasis is 
given to the ten larger reservoirs in the Lower Thames Valley. The characteristics 
o f  these reservoirs are described in detail by Steel (1975), Philpott (1984) and 
Toms (1996) and are presented in Table 4-1. The River Thames provides the 
source o f  w ater that is passed to the reservoirs. Other inland w ater bodies in the 
Lower Thames Valley are located, such as the Manor, St. Ann's, Abbey, 
Longside, Fleet lakes; gravel pits; and w ater treatment w orks ponds. The location 
o f the study area is shown in Figure 4-1. The Low er Thames Valley area is 
characterised by numerous w ater supply features as shown in Figure 4-2.
Three highways cross the Lower Thames Valley. These are amongst the busiest 
highways in UK: the M25, the M4 and M3 (see Figure 4-1), H eathrow airport is 
very close to the study area. Industrial activity is concentrated near W alton-on- 
Thames, W est Molesey, Shepperton and Staines. The area is characterised by a 
variety o f different features. These features have been determined by examining 
local maps and on-site visits o f the writer, and are described below.
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Generally, all the r e s ^ m r s  are surrounded by land features such as grass,
coniferous or non-coniferous trees, golf courses, parks and buildings. A  brief
description o f the surrounded features o f  all the reservoirs is presented below;
♦ The Queen Mary reservoir is located near to suburban areas, the Charlton and 
Littleton villages and further in the north to Ashford, Sunbury Common, and 
Shepperton Green. Figure 4-3 shows the typical adjacent nearby land features 
by Queen Mary reservoir consisting o f residential buildings, grass, roads and 
trees. W alton-on-Thames is an urban area with heavy industrial activities and 
urban features (residential buildings, factories, roads, railways etc.).
♦ The Queen Elizabeth II reservoir is surrounded by urban features at Walton. 
Figure 4-4 shows the nearby grass area near Queen Elizabeth reservoir.
♦ The Staines reservoirs and especially Staines N orth are located near to 
Heathrow Airport area (approximately 0.5 km). The east side o f Staines 
reservoirs is very close to  urban features such as residential buildings, hospital 
and the A30 road. The west side o f  Staines reservoirs is very near to King 
George VI reservoir w ith grass and trees between them. Figure 4-5 shows the 
area between the King George VI and Staines reservoirs in which grass and 
trees are the main features. Figure 4-6 shows the Staines N orth reservoir 
(outlet tow er) with its air mixing system in operation.
♦ The King George VI reservoir is located between Wraysbury and Staines 
reservoirs very. King George VI reservoir is surrounded, in the w est side by 
the M25 motorway; in the south side, by A30; and in the east side, by A3044. 
The northern side o f  King George VI and Staines reservoirs are located 
approximately less than 1 km from Staines area which is an urban area with 
human and urban activities.
♦ The Wraysbury is surrounded by several inland waters (lakes, gravel pits). 
M25 passes very close to the Wraysbury reservoir.
♦ The Datchet (or Queen Mother) is surrounded by a lot o f buildings in the north 
side. The M4 highway passes very close to the Datchet reservoir.
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The Island B am  reservoir is surrounded by dense grass and trees. Figure 4-7 
shows the Island B am  reservoir and some o f the adjacent land.
Knight and Bessborough reservoirs are surrounded by the residential and 
industrial buildings o f W est Molesey. Figure 4-8 shows the Knight and 
Bessborough reservoirs.
Resenoir Year
constr.
Aver,
Depth
(m)
Max.
Depth*
(m)
Area
(ha)
Volume 
(in* n f)
Mixing Special features
Datchet
(Queen Mother)
1974 19.3 22.9 192 38.0 jets -2 limnological towers 
-gentle slope for sailing
Wrayshury 1971 16.8 21.6 202 33.9 jets -2 limnological towers
King George VI 1947 15.3 14.2 142 20.2 air -2 limnological towers
Staines North * 1902 10.0 10.0 72 7.2 air -syphons link Staines 
North to South
Staines South * 1902 7.9 7.9 100 7.9 air -see above
Queen Mary 1925 10.6 11.6 286 30.4 none -contains baflOe bank to 
limit wave action
Queen Elizabeth II 1962 15.3 17.8 128 19.6 jets - 3 limnological towers
Island Bam 1911 7.6 9.2 49 3.7 none -No longer in use
Bessborough * 1907 10.3 12.8 30 3.1 none -weir under the bank
Knight * 1906 10.0 12.8 21 2.1 none -weir under the bank
* are operated as a pair
+ Maximum depth means actual maximum depth rather than maximum available depth of storage
Table 4-1. Design specifications for the major reservoirs within the Lower 
Thames Valley (Steel, 1975; Philpott, 1984; Toms, 1996).
Schematic presentations o f the Datchet and Wraysbury reservoirs showing the 
inlets, outlets and limnological towers are shown in Figure 4-9 and Figure 4-10 
(Thames W ater Authority, 1974). Figure 4-11 shows an outlet tow er located in 
the middle o f the Wraysbury Reservoir. This is a typical design layout o f  the 
reservoirs constm cted from the 1960s onwards.
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4. L 1 Storage of water in London
M uch o f London's w ater supply is derived from surface sources. Approximately 
85 % comes from the Rivers Thames and Lee. Approximately 70 % o f the w ater 
supplied to London is abstracted from the River Thames, at four intakes. The 
w ater in the rivers is clean enough to support a variety o f wildlife. Although it is 
clean, it is not safe to drink and requires treatment to remove any substances 
which may be harmful. W ater is pumped into the Low er Thames Valley's 
reservoirs from the River Thames. The reservoirs in the Low er Thames Valley 
are known as "bankside reservoirs" (Denisson, 1996; Toms, 1996; Bridgman, 
1999). The reservoirs provide storage for approximately 200 million m^ o f water, 
with the Queen Mary, Wraysbury and Datchet reservoirs storing over half o f  the 
w ater (Denisson, 1996). A  general diagram describing the processes that the 
w ater involved in treating the w ater in the Lower Thames Valley area is shown in 
Figure 4-12. Thames W ater Utilities Ltd is the company that owns and manages 
the storage reservoirs in the Lower ThamesValley.
Reservoirs are used as a reserve o f  w ater and also as the first stage o f potable 
w ater treatment. A  comparison between the chlorophyll-a content o f  raw  w ater in 
the River Thames and that o f out-take o f three reservoirs, indicating the beneficial 
effect o f storage, is shown in Figure 4-13. Duncan (1975) provided an example o f  
the beneficial effect o f storage o f w ater from the River Thames in the Queen 
Elizabeth reservoir. He reported that a decrease in the total particulate carbon 
from about 2500 pg/l to about 500 pg/l was observed after a period o f  40 to  50 
days w ater storage. The reservoirs also act as a safeguard when point source 
pollution events occur in the rivers (Philpbott, 1984). In the case o f dry weather 
conditions, when river flows are too low to meet all the demands o f  w ater 
treatment, the use o f  storage reservoirs is an important aid to meet the shortfalls. 
Some o f the reservoirs are used for recreational purposes (Toms, 1994). For 
example. Queen Mary, Datchet and Island Barn are used by many sailing clubs in
4-4
the area. Moreover, Queen Mary reservoir is a site o f  special scientific interest 
and provides habitats for birds (Denisson, 1996).
The designs o f  reservoirs vary and are dependent mainly on the specific 
geographical location. For example in the case o f a deep river valley it would be 
common to  construct a dam in order to  enclose and retain the river water. 
However, where there is no natural valley deep enough for this construction, as in 
the case in the Thames Valley, an embankment must be constructed to  retain the 
water. This technique is used to produce pumped storage reservoirs. A  large 
impermeable layer o f clay forms the base o f the embankment. In order to ensure 
that the reservoir will retain w ater an impermeable core a puddled clay is 
constructed within the embankment (Steel, 1975). The interior slope is lined with 
concrete and the outside banks are covered with top-soil and grassed over. A 
wave deflection wall is included on the inside bank o f all the reservoirs (see Figure 
4-14 for examples). The banking means that there is a gradual change o f  depth 
and slope at the edge o f the reservoirs. Figure 4-14 shows the reservoir banks o f 
Queen Mary and King George VI reservoirs. The wave deflection walls can be 
seen in each case.
W hen modern reservoirs such as Queen Elizabeth II, Wraysbury and Queen 
M other were built, the top soil and gravel w ere cleared from the centre to  the side 
o f the site and the revealed clay was mined and used to form the core o f  the wall. 
This core was toed into the in-situ clay stratum. The gravel and topsoil w ere built 
to support the core and the inner face was lined with concrete to prevent wave 
erosion (see Figure 4-15). The modern reservoirs (Datchet, Queen Elizabeth II, 
Wraysbury) are mixed using jetted inlets or when abstraction has terminated, by 
re-circulation pumps. M ost o f the older reservoirs (King George VT and Staines 
N orth and South) are mixed using air diflusers. O u tle^ tow ers on most reservoirs 
are sited near the banks (e.g. Queen Mary reservoir) but the most recent
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reservoirs (e.g. Datchet and Wraysbury) have outlet towers sited in the body o f 
the basins.
Advantages o f  using storage reservoirs
Philpott (1984) highlighted the advantages o f  using the Lower Thames Valley 
reservoirs for storing the water. The key advantages are:
♦ a significant drop in the number o f pathogenic bacteria which may be present in 
the river w ater occurs after a period o f  storage
♦ the amount o f suspended sediments are reduced as the reservoir acts as a 
settling basin. This reduces the extra filtration costs in the treatment process 
and also reduces pathogens.
♦ a more consistent w ater quality is obtained fiom  a reservoir when compared 
with the direct abstraction o f  w ater fiom  the river
♦ a consistent flow o f w ater to the treatment works is provided making them 
more efficient
Problems in  reservoirs
"Eutrophication" and "stratification" are the tw o problems which must be tackled 
in the management o f  reservoirs. Eutrophication is the term used to describe the 
progressive enrichment o f w ater by plant nutrients particularly inorganic nitrogen 
(N) and phosphorous (P), which make the w ater susceptible to excessive growths 
o f algae (Cooke et al., 1993). The River Thames is eutrophic, w ith high 
concentrations o f nutrients, and as the w ater passes to the reservoirs the loading 
fiom  nutrients is still present. The Lower Thames Valley reservoirs are therefore 
characterised as eutrophic waters. Excessive primary productivity o f  nutrients 
may make the w ater difficult to treat and give it unpleasant tastes and smells. 
Nutrients may damage fisheries. The control o f eutrophication is done by 
identifying the key nutrient and reducing the concentrations in case o f excessive
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concentrations (e.g. by reducing P using pre-treatment plants) (Scott, 1975). 
Weekly sampling in the River Thames ensures a determination o f nutrients levels. 
Eutrophication and stratification cause excessive growth o f algae which is the 
w ater quality problem. The method o f controlling algal populations used by 
Thames W ater involves artificial mixing o f the w ater column.
The main problem that appears in the management o f reservoirs is the 
stratification problem. Stratification may cause serious problems and the w ater 
resource may not be available when needed, since the reservoir out-take w ater 
may not meet the minimum standards for w ater treatment.
Throughout the winter months the main body o f w ater in the reservoir usually 
remains at a constant temperature, generally between 4°C and 6°C, at all depths o f 
the reservoirs (see Figure 4 -16a). The only exception occurs when severe 
weather conditions are present. This state is characterised as an isothermal 
condition. Natural mixing occurs as the winds become stronger during the winter 
period.
However, as summer approaches solar radiation in the atmosphere increases and 
winds typically drop and therefore the surface waters o f the reservoirs start to 
absorb heat. As the year progresses, the upper layers o f reservoir warm  first, and 
become less dense, and gradually begin to fioat on the cold dense layer (Toms, 
1996). As the surface absorbs more solar radiation, a layer o f w ater forms in the 
reservoir w ith a rapidly changing temperature at the interface between the cold 
and warm  water. This layer is known as a thermocline. The upper layer which is 
termed the epilimnion is warm, in contact with the air, and illuminated by the sun. 
I f  there are adequate nutrients, there may be production o f phytoplankton 
growths. The lower layer hypolimnion is cold, and dark, and w ithout contact w ith 
the air. Dead material and waste from the upper layer falls through it, reducing 
the dissolved oxygen content o f the w ater and increasing the content o f iron.
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ammonia and nutrients. These effects reduce the w ater quality in the hypolimnion, 
and result in an undesirable taste and odour (Denisson, 1996). The most serious 
problem associated with thermal stratification is the deterioration o f the biological 
and bio-chemical quality o f the lower waters o f  the hypolimnion. This is caused 
by the de-composition o f organic matter (e.g. dead algae) which fall to the 
reservoir floor. As the stratification o f the reservoir does not permit the 
hypolimnion w ater to  circulate, the bottom  w ater lacks o f oxygen. This causes 
poor w ater quality in the bottom  water. Figure 4 -16b outlines the layers o f 
thermal stratification during summer months.
One common problem for river-based w ater sources is the grow th o f algae. The 
presence o f a significant amount o f algae cause problems in the filters (treatment 
process) (Scott, 1975). The epilimnion provides suitable environment for the 
gro-wth o f algae since the light penetration is high. Another factor in the growth 
rate o f algae is the amount o f  nutrients available in the water, such as 
phosphorous.
Controlling stratification problem s
The demand for more w ater resources has meant that larger deeper reservoirs are 
required (Steel, 1975; Denisson, 1996. For example, Datchet (maximum depth o f 
22.9 m) and Wraysbury reservoirs (maximum depth 21.6 m) w ere built deeper 
than the old shallow reservoirs (e.g. Queen M ary reservoir w ith a maximum depth 
o f 11.6 m). W ith the construction o f deeper reservoirs the problem of 
stratification was increased. It was found after experimental w ork carried out in 
the King George VI Reservoir, that mixing was the ideal tool for preventing 
stratification. Philpott (1984) presents an overview o f the installation o f  artificial 
mixing systems in the Datchet reservoirs, and shows the advantages o f  using 
mixing systems to prevent stratification problems.
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Mixing was initially applied by pumping w ater from the reservoir bottom  and 
jetting it into the upper surface (see Figure 4-17). As new reservoirs w ere built, 
such as Queen Elizabeth II in 1963, the w ater was pumped into the reservoir using 
jetted inlets (Figure 4-17). The principle was to  pump w ater from the rivers into 
reservoirs through normal low velocity inlets during winter months but during the 
rest o f  the year to pump using narrow, angled jets. Inlet jets were added to the 
newer deeper reservoirs (Datchet, Wraysbury, Queen Elizabeth reservoirs) during 
construction. In the Lower Thames Valley area, only reservoirs over 10 metres 
depth are considered to benefit from artificial mixing benefits. Reservoirs less 
thanlO m  deep such as Queen Mary, Island Bam, Bessborough, Knight reservoirs 
are not be artificially mixed due to the risk o f  increasing algal populations (Toms, 
1994; Denisson, 1996).
In 1970s, the use o f air plume mixing (Figure 4-17) was found to  be the most 
simple, effective and inexpensive tool for reducing the thermal stratification 
problems in the King George VII and Staines reservoirs. This device consists o f a 
difiuser which is placed 2 metres above the floor o f the reservoir and produces air 
mixing (Philbott, 1984). Staines N orth and South reservoirs air diflusers are 
placed in a pit so that the diffusers are level with the reservoir floor.
A  comparison o f algal populations using chlorophyll-a concentration in an 
artificial and non-artificial mixed reservoir is shown in Figure 4-18. In the Queen 
Mary reservoir (which is shallow: 11 metres deep) in which is not artificial mixed, 
algal grow th is higher than in the Queen Elizabeth II (maximum depth 17.2 m) and 
Wraysbury (maximum depth 21.5 m ) reservoirs.
Other design fea tures
Traditional reservoir layouts placed the outlet tow er close to  bank wall. This 
layout has caused problems due to seiching. A  seich is an oscillation o f  the
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themiocline and is related to wind speed (Cooke, 1993; Bridgman, pers. comm., 
1999). Recent reservoir designs (e.g. Datchet, Wraysbury and Queen Elizabeth II 
reservoirs) have located the outlet near the middle (see Figure 4-11), away from 
dirty edge materials. The outlet tower should also be in the centre o f the 
circulation pattern to  increase retention time and prevent wind-induced algal 
scums affecting the outlet (Bridgman, pers. comm., 1999).
4.1,2 Water treatm ent
The supply o f  clean and safe w ater is an important requirement. The w ater is 
pumped from the reservoirs and is passed to the treatment works (see Figure 4- 
12) before it is consumed by the community (Bridgman, pers. comm., 1999). 
Treatment o f out-take reservoir w ater in the Lower Thames Valley takes place at 
five major treatment works situated at Hampton, Ashford Common, Kempton 
Park, W alton and Surbiton. From the reservoir, the stored w ater pass through 
several stages o f treatment. The major treatment processes are summarised in 
Table 4-2.
Pre-O/onatioii ozone in low doses assists coagulation of small particles such 
as algae, making them easier to remove by filtration. Pre­
ozonation is effective in reducing POC (measure of live algae 
and total organic particulate load)
Coagulation and mixing addition of chemical coagulants.
Fîocculatloii to flocculate particles that can be removed by filtration
Rapid gravity filters (RGB) are used for primary filtration and consist of a deep bed of 
sand and a layer of carbon (anthracite); effective in the 
removal of turbidity
iMain o/onation addition used to improve the taste and colour of water
Sion sand filters (SSF) contain finely graded sand and provide both fine filtration and 
biological treatment
iGranulated activated carbon 
(GAC)
a deep bed of GAC removes dissolved substances from the 
water and also improves water's taste and appearance.
Disinfection chlorine is added as a final safety factor.
Table 4-2. M ajor treatment processes that used by the treatment works in 
the Lower Thames Valley (Bridgman, pers. comm., 1999).
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A dvanced water treatm ent
In the 1980's Thames W ater concluded that the conventional treatment process 
would not be able to meet proposed future standards, and so "Advanced W ater 
Treatment" (AWT) techniques started to be adopted at all the major treatment 
works in the 1990s (Bridgman, pers. comm., 1999). W ith the installation o f AWT 
at the treatm ent works, the very small amounts o f  substances as a result o f 
rainwater passing from fields and roads into rivers have been reduced to  levels 
which in practice can no longer be detected. AWT is installed at w ater treatment 
at W alton and is a new method developed by Thames W ater Utilities Ltd o f 
treating w ater using Granular Activated Carbon (GAC) and ozone, together with 
Counter Current Dissolved Air Flotation /Filtration (COCO-DAFF) (Scriven, 
1996; Bridgman, pers. comm., 1999). A t Walton, w ater is pumped from the 
Queen Elizabeth II, Knight and Bessborough reservoirs into the W alton 
"Advanced W ater Treatment" works.
4.1.3 A ir  po llu tion
As mentioned in Chapter 2, atmospheric aerosol particles originate from natural 
and man-made sources. The anthropogenic aerosols from industrial and urban 
areas typically consist o f  carbon CO2 , NO 2  and SO2  (see Chapter 2). Based on the 
fact that chemical reactions can occur in the atmosphere and the pollutants remain 
in the atmosphere for a few days (Kaufrnan et al., 1990), any pollution due the 
presence o f  the nearby industrial, aircraft and road transport activities which are 
involved in the Lower Thames Valley, in the vicinity o f Heathrow Airport, must 
be considered. Kaufrnan et al. (1990) reported that air pollution due to SO 2  
affects areas at distances greater than 500 km from the source. Every air pollution 
problem is mainly due to the presence o f aerosol particles (Lyons and Scott, 1990). 
Indeed, the determination o f  the aerosol optical thickness can be used as a tool to 
assess the air pollution in any geographical area (for example, Kaufman et ah, 
1990; Retails et ah, 1999). This section presents on overview o f the possible
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sources o f air pollution in the Lower Thames Valley area (including Heathrow 
Airport)
Industria l processes: A  list o f the types o f process and the potential pollutants 
emitted in the Lower Thames Valley and Heathrow airport is presented in Table 
4-3.
The M 25: Average daily traffic flows on the M25 during 1995 w ere 122,600 
vehicles per day, making it the busiest road in the country (South East Institute o f 
Public Health, 1997). The M25 passes very close to the W raysbury reservoir, 
approximately less than 100 m, and close to  King George VI reservoir, 
approximately less than 1 km (see Figure 4-1).
H eathrow  Airport: Large airports such as the Heathrow airport provides a 
number o f  different emission sources. The principal source is aircraft and 
secondary sources are ground support equipment, aircraft servicing vehicles etc. 
The largest proportion o f aircraft emissions occur away from the airport. During 
take-off aircraft engines produce high emissions o f NOx (nitrogen oxides) and 
relatively low emissions o f VOC (volatile carbon compound) and CO (carbon 
monoxide). However, during the approach to  landing, NOx emissions are much 
lower than at take off than at take off (Stebbing et al., 1999). The national air 
quality information archive (http://www.aeat.co.uk/netcen/airqual) provides 
estimates o f  emissions from aircraft movements at Heathrow and Gatwick airport 
(Table 4-4). The information used to calculate the airport emission parameters 
presented in Table 4-4 were the average number o f aircraft movement by type and 
the fiiel combustion at Heathrow and Gatwick Airports (Gillham et al., 1992 and 
http://www.aeat.co.uk/netcen/airqual/naei/annreport/appl.html). From  the air 
pollution maps provided by http://www.aeat.co.uk/netcen/airqual, it can be seen 
that most polluted area is the south-eastern and especially London area.
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Location Operator Process Poteutial
pollution
Thames Ditton (near to 
Island Bam reservoir)
Cooper Thames Ditton vehicle re-sprayers VOC and dust
Walton-on-Thames Walchry Motors Ltd vehicle re-sprayers VOC and dust
Walton-on-Thames Redland Readymix Ready mixed concrete 
plant
particulates
Walton-on-Thames Panel Reps Ltd vehicle re-sprayers VOC and dust
Walton-on-Thames Walton-Plating
Company
inorgaitic chemical 
processes
S02,N02, 
PMio, lead, CO
Walton-on-Thames Walton-Plating
Company
acid processes SO2, PMio
Walton-on-Thames Falcon Refurbishment 
and Demolition Ltd
mobile concrete crusher dust
Walton-on-Thames General Demolition mobile concrete cmsher dust
West Molesey F Bullet & Co. Ltd alumirtium Foundry particulates
West Molesey G H Plummer & Co 
Ltd
aluminium Foundry particulates
East Molesey F B Coachworks vehicle re-sprayer VOC and dust
East Molesey A Grover Coachworks vehicle re-sprayer VOC and dust
Ashford Common Ashford Coachworks vehicle re-spraying VOC and dust
Shepertton Sheppertton Auto 
services
waste oil burner <0.4 mW CO/SO2/NOX/
Lead/Particulates
Shepertton Allen Concrete Ltd blending, packing, 
loading and use of bulk 
cement
particulates
Shepertton Kengate Products Ltd blending, packing, 
loading and use of bulk 
cement
particulates
Shepertton Tarmac Quarry 
Production
blending, packing, 
loading and use of bulk 
cement
particulates
Shepertton Tarmac Topmix Ltd blending, packing, 
loading and use of bulk 
cement
particulates
Shepertton May & Knight yehicle re-spraying VOC and dust
Staines Benton Bros. Ltd waste oil burner <0.4 mW CO/SO2/NOX/
Lead/Particulates
Staines Ceramicast Ltd Ferrous, and Non Ferrous 
Foundry
particulates
Staines Windmill Coach works Vehicle re-spraying VOC and dust
Table 4-3. Industrial processes and the emission pollutants in the Lower 
Thames Valley area (South East Institute o f Public Health, 
1997).
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Airport M ovements per year Emissions in kg /a ircra ft m ovem ent
CO2 CH4 NOx SO2 CO
Heathrow Airport 438,113 797 0 422 15 7 2.17 12 4
Gatwick Airport 186,005 401 0.212 7.88 1.09 6.22
Table 4-4. Emissions in kg  per aircraft movement for Heathrow and 
Gatwick airport (Gillham et ah, 1992)
Stebbings et al. (1999) provide a source o f  reference for emissions o f  the nitrogen 
oxides (N O x ) and particulate matter o f  diameter 10 nm (PM io) for the year 1993 
at H eathrow Airport. These pollutants are shown in Table 4-5.
Source NOx PM,„
(tonnes per year) (tonnes per year)
Take off & climb to 300 m 4753.98 29.25
Approach and landing 820.59 14.95
Taxing 441,03 16.14
Auxiliary power units 210.08 5.66
Engine testing 85.59 0.66
Airport road vehicles 907.61 59.57
Miscellaneous 278.73 17.36
Airport total 7497.61 143.59
Table 4-5. NOx and PMio emissions for the 1993 for the range o f sources 
found on the Heathrow Airport (Stebbings et ah, 1999)
Munday (1990) provide analytical tables which explain the emissions o f pollutants 
by source o f  pollution for the years 1978-1998 in the United Kingdom. From 
these data, it was found that year 1986 was more polluted than 1985 and 1984.
4-14
This is significant to the present study as the period 1984-1986 are the years o f 
interest since the available images were dated in this period. For example, Table 
4-6 shows the amount o f carbon dioxide (CO 2) emissions in the UK firom aircraft 
and road transport sources. Table 4-7 shows the total emissions o f N O x  in  
M tonnes for the years 1984-1986.
Source UK emissions of CO: (in Mtomies of C)
1984 1985 1986
Aircraft 0.505 0.513 0.526
Road transport 23.082 23.534 25.098
Table 4-6. U K  emissions of CO2 by aircraft and transport sources (M unday, 
1990)
UK total emissions of C0% (as C) and of NOx {Mtonnes)
1984 1985 1986
CO 2 147.098 153.987 157.308
NOx 2.162 2.278 2.350
Table 4-7. Total U K  emissions o f CO2 and NOx for 1984-1986 (M unday, 
1990)
Department o f Environmental Services o f Runnymede Borough Council (Clarke, 
pers. comm., 1999) reported that for an air quality survey carried out on 1993 for 
the whole Surrey Council area, it was found the highest levels o f  N O x w ere 
recorded at kerbsides in Staines (1 km from King George VI reservoir), 
Elmbiidge and Hindhead; and the highest VOC for six monthly averages were 
observed at Egham (which is located 3 km from Wraysbury and King George VI 
reservoirs) and at Cranleigh in Surrey area.
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4.2 Resources
In this Section the resources that have been used to carry out the research are 
briefly described. These include the image processing system, satellite images and 
field instrumentation.
4.2.1 D igital im age processing system
A digital image processing system consists o f the computer hardware and the 
image processing software necessary to  analyse digital image data. The 
Department o f  Civil Engineering's Geotechnical Engineering Division has 
established a digital image processing system This consists o f a Sun workstation 
and a PC system with ERDAS Imagine 8.3.1 image processing software for the 
analysis and interpretation o f multi-spectral digital satellite images. ERDAS 
IM AGINE Version 8.3.1 is produced by the Engineering Department o f  ERDAS, 
Inc., Atlanta, Georgia, USA (http://www.erdas.com).
4.2.2 Computer codes
Two published available atmospheric correction computer codes have been used 
in this study:-
♦ ATCOR-2 (Version 1.4): This is a spatially-adaptive fast atmospheric 
correction algorithm developed by Richter (1996, 1997) at GEO SYSTEMS in 
Germany (http://www.geosystems.de/produkte.atcor.html). It is compatible 
with ERDAS IM AGINE 8.3.1 and it was purchased firom ERDAS IM AGINE 
(UK) (http ://www. erdas.CO.uk/)
♦ 6S code (Second Simulation o f the Satellite Signal in the Solar Spectrum). 
This is an improved version o f the 5S code. It was downloaded (fi’ee for
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academic purposes) from University o f Lille in France at http://loaser.univ- 
lille 1 .fr/informatique/system_gb .html.
4.2.3 Satellite im ages
The images used in this research w ere from Landsat-5 TM. A  brief description o f 
the main characteristics o f Landsat TM  is first given. The details o f the images 
used for this research are then presented.
The L andsat Them atic M apper System
The first Landsat satellite was launched in 1972. Since then a further 6 satellites 
have been launched. The three first generation satellites carried tw o sensors: the 
Return Beam Vidicon (RBV) camera and the Multi-spectral scanner (MSS). The 
second generation o f Landsat satellites started in July 1983 when Landsat-4 (see 
Figure 4-19) was launched. Landsat-4 carried a slightly modified version o f MSS 
and a new sensor, the Thematic M apper (TM). An identical satellite, Landsat-5 
(see Figure 4-19) was launched on 1 M arch 1984 and is still in operation. In 
1993, Landsat-6 was lost immediately after launch. Landsat-7 was launched in 
April 1999 and is equipped with an enhanced Thematic M apper (a new high 
resolution scanner).
The Landsat TM  is a multi-spectral imaging system that records energy in the 
visible, reflective-infrared, middle-infrared and thermal-infrared regions o f  the 
spectrum. It collects radiometric data at 256 radiance levels in seven spectral 
bands with a higher spatial, spectral, temporal and radiometric resolution than the 
Landsat MSS. The ground resolution o f TM is 30 m  by 30 m in the six reflective 
bands, and 120 m by 120 m in the thermal infrared band. The satellite operates in 
a repetitive, circular, near-polar orbit at a nominal altitude o f 705.3 km. It is sun- 
synchronous i.e. it orbits about the earth at the same angular rate at which the
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earth moves about the sun. This characteristic causes the satellite to cross a line 
o f latitude at the same local solar time every day (Figure 4-20). The satellite 
views the entire earth every 16 days. Ground receiving stations record the 
incoming data on high-density digital tapes (HDDT) which are later processed and 
the remotely sensed data for each 185x185 km area is extracted to form a single 
multi-spectral scene. The images are distributed in different raw  formats including 
4 mm and 8 mm tapes, CD-ROM /optical disk, floppy disk, videotape and film. 
(ERDAS, 1984). D ata are most often available on CD-ROM since it offers the 
advantage o f storing large amount o f data in a small, compact device. Kiruna 
(Sweden) and Fucino (Italy) are the European ground stations and are monitored 
by the European Space Agency (ESA).
Landsat TM  characteristics are shown in Table 4-8. Further characteristics for 
Landsat-4 and 5 are presented by M arkham and Barker (1985), M etzler and 
Malila (1985); Lillesand and Kiefer (1994); Campbell (1996); Jensen (1996); 
Schowengerdt (1997), M ather (1991 and 1999); and at http://www.esrin.esa.it/ 
and http://www.eurimage.it/Products/LS_menu.html.
Bnnd Band edges (pm) Spatial resolution
Blue-Green, TM 1 0.452-518 30 m
Green, TM 2 0.528-609 30 m
Red, TM 3 0.626-0.693 30 m
Near-IR, TM 4 0.776-0.904 30 m
M id-m, TM 5 1.568-1.784 30 m
Thermal-IR, TM 6 10.40-12.50 120 m
Mid-m, TM 7 2.08-2.35 30 m
Swath width: 185 km
Radiometric resolution: 8 bits (256 grey levels) for all bands 
Orbit characteristics: Sun-Synchronous 
Inclination: 98.2°
Table 4-8. Landsat-5 TM characteristics (after Elachi 1987; Hill 1993)
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Available images
An examination o f all the images after M arch 1984, the Landsat-5 launch date, 
was performed as a part o f  an earlier project (MacGuire, 1997). By visual 
examination, all the images with low cloud cover w ere identified using black and 
white quick look views provided from the National Remote Sensing Centre 
(NRSC) (http://www.nrsc.co.uk/). A  time series o f images which gave the 
maximum density o f  cloud-free images was found for the year 1984-1986. All the 
images are presented in Appendix 1. The characteristics o f  all the available 
images are presented in Table 4-9. Two satellite orbital tracks covered the 
H eathrow area, the 201/24 (path/row) and 202/24 (see Figures 4-21 and 4-22). 
Sub-scenes covering the area under investigation w ere extracted for display and 
analysis.
A  Landsat TM  image o f  Cyprus acquired on 3/6/85 (path/row: 176/36, see Figure 
4-23) has been also used by the w riter to assess the proposed methods developed 
in the present study (see Chapters 8 and 9).
Four Landsat-5 TM  images o f the Athens area in Greece (path/row: 183/34; see 
Figure 4-24) acquired on 15/8/88, 31/8/88, 21/6/91 and 26/4/94, w ere available by 
Retails (Retahs, pers. comm., 1999) and have also been used by the w riter to 
assess the proposed methods developed in the present study (see Chapter 8 and 9; 
and Hadjimitsis et a l ,  1999b).
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Scene No. Acquisition Date Ground
station
Path/Row Time of Satellite 
passing 
(HH:MM) 
GMT
Solar
zenith
angles
(°)
1 12-April-1984 Fucino 201/24 10:24 47.25
2 5-March-1985 Kiruna 202/24 10:29 61.79
3 17-May-1985 Fucino 201/24 10:24 37.02
4 2-June-1985 Kiruna 201/24 10:24 34.60
5 4-July-1985 Kiruna 201/24 10:22 34.92
6 29-September-l 985 Kiruna 202/24 10:27 57.64
7 8-October-1985 Kiruna 201/24 10:21 60.80
8 24-October-1985 Kiruna 201/24 10:21 66.27
9 9-November-l 985 Kiruna 201/24 10:21 71.18
10 13-Februray-1986 Kiruna 202/24 10:19 69.37
11 8-March-1986 Kiruna 202/24 10:24 61.07
12 28-June-1986 Kiruna 202/24 10:24 35.13
13 3-June-1985 Fucino 176/36 9:52 27.56
Table 4-9. List o f the Landsat TM images used in this research study
Details o f the Landsat TM  images (including date o f acquisition, time o f  satellite 
passing, solar and satellite geometry, pre-flight calibration values etc.) are stored 
in the image files and can be decoded using the Landsat TM ESA  product format 
definition (Tomassini, 1997) available from ESA or Eurimage 
(http ://www. eurimage.it/Products/LS/ME_prod_forms. shtml)
Solar and  satellite geom etry
Solar zenith angle, solar elevation angle and solar azimuth angles can be 
calculated using the fundamental equations o f spherical trigonometry. 
Documentation on how to calculate these angles are provided by Dozier and 
Strahler (1983, pp.963-964); Vermote et al. (1997c, p.74-77) and Kumar et al. 
(1997, p.478-479). Fast computation, based only on the central latitude and 
longitude o f the scene o f interest is also provided in the ATCOR-2 code and 6S- 
codes.
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Cloud-free images
The availability o f  cloud free images for operational projects is very important and 
depends on the geographical position and the prevailing weather conditions for the 
area o f interest. Kontoes and Stakenborg (1990) have investigated the probability 
o f  acquiring cloud-free images from Landsat TM  and SPOT throughout the 
countries o f the European Community during April to September period when 
crop production is important. They found that the cloud-free pixel distribution in 
the UK and in Italy are extremely different during the summer months (April- 
September). In UK the availability o f cloud free pixels was less than 50 % for 
each o f April-May, June-July and August-September. However, in Italy the 
majority o f the available images had between 60-90 % o f cloud free images. They 
found also that the best period for receiving good images (cloud cover less than 
10 %) in UK is June-July. By comparing Greece and Denmark that the availability 
o f cloud-free images in areas o f northern latitudes was improved when using 
adjacent tracks, rather than one track only.
Countries such as Greece and Cyprus are characterised by good w eather 
conditions and the availability o f cloud-free images. This is very advantageous for 
using satellite remote sensing in multi-temporal studies o f  those areas. For 
example, by examining the available cloud-free images for the period o f  January 
1998-December 1998 for w ater surveillance multi-temporal studies in the Lower 
Thames Valley area (UK) and the Paphos area (Cyprus), the following cloud-free 
images w ere found (see Table 4-10). It is apparent that the availability o f  cloud- 
free images o f Cyprus increases the potential o f using satellite remote sensing 
techniques for that area.
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Area Row/path Total 
number of 
images 
available
No. of Cloud-free 
images (<average 30 
%  cloud)
Lower Thames Valley area (UK)
1uk5)
201/24 &
202/24
48 5
-Panics area (Cyprus) 176/36 24 10
Table 4-10. Number of cloud free images found for the year 1998 in Lower 
Thames Valley area (UK) and Paphos (Cyprus) areas.
4.2.4 Topographic m aps
Topographic maps at a scale o f  1:25000 (Ordnance Survey maps TQ 06/16, 
07/17) have been used to identify the ground control points (GCP's) for the 
geometric registration o f the satellite imagery o f the Heathrow area. For Cyprus 
area, the geographical/geological map (Department o f Geological Survey, 
Nicosia-Cyprus), at a scale o f 1:250000, was used to identify the ground control 
points (GCP's).
4.2.5 G round inventory 
F ield  spectroscopy
Ground spectro-radiometiic reflectance data have been acquired using the GER- 
1500 ground spectro-radiometers loaned by the Natural Environment Research 
Council (NERC) Equipment Pool for Field Spectroscopy (EPFS) in Southampton 
as a part o f  NRSC grant (NERSC EPFS loan reference: 267.1196) . The GER- 
1500 was used mainly to obtain- in-situ spectral reflectance data fi*om the 
reservoirs in the Lower Thames Valley and from concrete runways at the 
Heathrow airport. The spectral signatures o f  some other features in the area o f
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interest (such as asphalt surfaces, grass, vegetation) were also acquired. Further 
information on the GER-1500 spectro-radiometer is presented in Chapter 5.
Locational inform ation
Locational information enables attributes or measurements gathered in the field to 
be matched to  satellite images o f  the same region. A  portable GARMTN GPS 
12XL with differential correction, loaned from Centre for Communication 
Systems Research (CCSR-University o f Surrey), was used to measure the location 
at every in-situ spectro-radiometric measurement (see Chapter 5)
4.2.6 Water quality data
For the period 1984-1996 and September 1998 to November 1998 a w ater quality 
historical database (chlorophyll-a, particulate organic carbon) was provided by 
Thames W ater Utilities for the larger reservoirs in the Thames Valley area. These 
w ater quality data were obtained from conventional tests carried out by Thames 
W ater Utility operatives at a single point in each reservoir at several depths every 
week. Some o f the commercial sampling dates coincide with the dates o f  image 
acquisition. Although single point sampling o f w ater makes the comparison with 
synoptic satellite images problematic, the available data have been used to 
evaluate the spectral signature o f the reservoirs.
4.2.7 M eteorological records
Meteorological data for the period o f image acquisition were available from the 
National Meteorological Archive at Bracknell. These data w ere extracted by the 
author and used as input parameters in some o f  the atmospheric correction 
approaches described in Chapter 7. For the image o f  Cyprus, meteorological data
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were obtained from Paphos Airport Meteorological Station (Dimitriou, pers. 
comm., 1999).
4.3 M ethodology
The research methodology was carried out in the following stages:
1. Processing o f a time series o f 12 Landsat TM  images using 8 different AC 
algorithms, either coded by the writer, or using available atmospheric computer 
codes.
2. Fieldwork using a spectro-radiometer to determine the ground truth spectral 
signature o f  reservoirs and other features in the area o f interest, e.g. concrete 
runways, asphalt roads) and an investigation o f the temporal and spatial 
variations within the reservoirs.
3. Assessment o f the various AC techniques using field spectro-radiometric data 
and spectral signatures obtained from other studies.
In order to  validate the effectiveness o f available atmospheric correction 
algorithms for the remote sensing o f  reservoirs, it is important to use satellite 
remotely-sensed data in conjunction with in-situ data. The general approach 
adopted in this research involved the comparison o f  the image output and ground 
truth data. The implementation o f this approach is described in the following 
Sections 4.3.1 and 4.3.2.
4.3.1 Validation o f  atmospheric correction algorithms using M S  data
Ideally, a comparison o f  multi-temporal satellite images, covering the same area, 
would show changes in the intrinsic properties o f land and w ater surfaces. But 
such changes in spectral response may also be due to effects related to  sensor 
performance, atmospheric condition at the time o f satellite overpass, and the
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viewing and illumination geometry o f the sensor. Therefore, it is essential to 
calibrate, register and correct these data spectrally and spatially and to convert 
them to  a common scale or datum, so that they are consistent.
In the following sections, the procedures that w ere followed in the present study, 
firstly to  find evidence for the  need to  apply atmospheric correction using image 
examination; secondly to  convert the image into map co-ordinates using geo- 
referencing and registration o f the available images; and finally to convert DN to 
radiance and reflectance using sensor calibration and radiometric calibration 
procedures, are described.
4.3.1.1 Im age exam ination
In order to  reveal evidence for suggesting the application o f  atmospheric
I
correction in the satellite images, two new ideas based on the statistics 
investigation and stretching principle are presented.
Statistics
By examining statistics for each scene and inspecting means and standard 
de\-ations, it was concluded that significant temporal variations in the reservoir 
system w ere present (Hope et al., 1997). Also, spatial variations between 
different reservoirs in the scene were found to be small but significant fi*om the 
reservoir management point o f view. For example, by comparing five areas o f 
interest (150 pixels) located in the middle o f  Datchet, Wraysbury, King George VI 
and Queen M ary reservoirs, it was found that the spatial variations were small but 
perceptible (see Table 4-11).
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R esen o ir Statistics T M l T M 2 T M 3 T M 4
Datchet Min 45 13 10 7
Max 51 16 13 9
St. dev. 1.3 11.7 0.7 0.4
Mean 47.7 15.1 11.7 8.0
Wraysbury Min 45 14 10 7
Max 50 17 13 9
St. dev. 1.3 0.8 0.7 0.3
Mean 47.4 15.1 11.8 7.9
King George VI Min 43 13 10 6
Max 50 16 13 9
St. dev. 1.3 0.6 0.7 0.4
Mean 46.5 14.3 11.6 8.0
Queen Mary west part Min 48 17 13 6
Max 55 20 17 52
St. dev. 1.3 0.6 0.9 0.6
Mean 51.0 18.8 14.7 8.3
Queen Mary east part Min 46 17 13 7
Max 52 19 15 9
St. dev. 1.3 0.5 0.6 0.5
Mean 49.7 17.8 13.5 8.1
7
Table 4-11. Reservoir to reservoir and in-reservoir spatial variations for the 
Landsat-5 TM image 5/3/85 (each AOI was 150 pixels, located in 
the middle of each reservoir).
The Queen Mary reservoir had a greater mean DN in TM  bands 1 and 2 than the 
other reservoirs (see Table 4-11). This suggests that the w ater quality was 
different in the Queen Mary than the other reservoirs. Moreover, differences in 
the mean DN were found between the west and east halves o f  the Queen Mary 
reservoir. The west o f Queen Mary reservoir was found to  have larger DN's than 
the east part. Such a difference can be explained by the location o f  the baffle and
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the inlet and outlet towers within the reservoir and the length o f time that water 
stays in the reservoir, since the most turbid waters are in the western section. 
These evidences are explained below:
♦ The baffle was constructed to  limit the wave action in the reservoir and to 
increase w ater residence time by preventing short circuiting o f  the main water 
body since the outlet tow er is approximately in the line w ith the inlet along the 
axis o f  the prevailing wind (Bridgman, pers. comm., 1999). In the case o f 
strong winds, a possible natural mixing might have a significant effect on w ater 
quality distribution on both sides.
♦ The inlet tow er is located in the w est side o f the reservoir so it was found fi*om 
w ater quality measurements (Bridgman, pers., comm., 1999) that the water 
quality was different than the east part in which outlet located, since the w ater 
coming in to the reservoir contained high concentrations o f  nutrients 
(Bridgman, pers. comm., 1999). The difference in DN's between the tw o parts 
o f  the reservoir can be explained also by the spatial variability o f algal growth 
in the reservoir.
♦ As a result o f  the length o f time the w ater stays in the reservoir, algae will 
grow whilst silt and other contaminants are reduced. So, it is expected that 
w ater quality varies in the whole reservoir.
For the image o f Asprokremmos Dam in Paphos (Cyprus), there is evidence from 
some w ater quality data acquired on May 1999, that the w ater consists o f  higher 
concentrations in the inlet than the outlet (Spanos, pers. comm., 1999). Indeed, 
useful information can be found on the w ater quality distribution for the Landsat 
TM  band 4 image o f Asprokremmos Dam in Paphos (Cyprus). Figure 4-25 shows 
the schematic layout o f  Asprokremmos Dam with photographs o f  inlet and outlet 
views. Figure 4-26 shows the Landsat TM band 4 image o f Asprokremmos Dam 
in which the different colours represent a range o f DN. It is apparent that the high 
DN are observed near the inlet and lower DN appear near the outlet. This again
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may be as a result o f  the residence o f time in the reservoir and due to the fact that 
w ater is more turbid near the inlet, where it is freshly abstracted from the river.
Large temporal variations were observed by examining the mean D N o f  an area o f 
interest (100 pixels) in the Datchet reservoir for all the available images (see Table 
4-12).
• Temporal variations in an A O I in Datchet reservoir
Image date Mean (s.d ) 
in
TM  band 1
M ean (s.d ) 
in
TM  band 2
Mean (s.d ) 
in
TM band 3
M ean (s.d ) 
in
TM  band 4
12-April-84 61.7(1 .2) 20.9 (0.4) 16.0 (0.7) 10.7 (0.5)
5-March-85 48.7(1 .6) 15.3 (0.7) 15.2 (0.7) 8.2 (0.4)
17-M ay-1985 84.8(1 .5) 28.8 (0.7) •. 22.2 (0.8) 19.6 (0.8)
2-June-1985 69.1 (1.4) 21 .9(0 .9 ) 15.8 (0.8) 10.7 (0.7)
4-July-1985 102.0 (2.0) 41.0(0 .10) 37.2 (1.0) 40.2 (1.2)
29-September-85 67.5(1 .4) 27.0 (0.6) 20.9 (0.6) 12.3 (0.7)
8-October-85 49.8(1 .1 ) 17.2 (0.5) 13.0 (0.5) 9.5 (0.5)
24-October-85 42.2(1 .2) 13.8 (0.6) 11.0(0.7) 7.0 (0.7)
9-November-85 39.3 (1.3) 13.2 (0.5) 10.7 (0.5) 7.0 (0.6)
13-Febru ray-86 50.3 (1.0) 16.6 (0.5) 13.2 (0.5) 7.9 (0.4)
8-M arch-86 53.7(1 .2) 18.3 (0.5) 14.8 (0.8) 9.3 (0.6)
28-June-86 99.2 (1.4) 38.3 (0.7) ' 30.9 (0.8) 24.1 (0.8)
Lowest mean iiiiiiiiliiiiiiiii llililiilillliiii: lïiiiiililiiili 7.0
Highest m ean iiilliiiiiiiiilll 41.0 40.2
Table 4-12. Average and standard deviation of digital numbers (DN) for an 
area o f interest selected in the Datchet (Queen M other) 
reservoir.
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The atmospheric^cqntribution was explained by considering that the at-satellite 
received signalât the M R  is extremely low and very close to  zero (Ahem et ah, 
1977; AlmanzaTandM elack, 1985; Cracknell and Hayes, 1993, Bukata et ah, 
1995; Richter, 1997, p.34) and that any added brightness is due to  atmospheric 
effects. Large differences in DN's (see Table 4-12) between the 12 Landsat TM 
images o f the same area suggests that large atmospheric contribution has a 
significant effect. For example. Table 4-12 shows a significant change o f DN 
ranging firom 7 to 40, in the TM  band 4 for an AOI in the 12 images. The DN in 
TM  band 4 is expected to be near zero and this added brightness up to DN=40 is 
due to atmospheric contribution.
B oth spatial and temporal variations were examined in the next section under the 
heading stretching, by applying an automatic and uniform stretch for all the 
images. This is the second tool used in the present study to provide evidence for 
the need to apply atmospheric correction.
Stretching
Linear stretching is an important part o f  interpretation o f digital imagery. It is one 
o f the methods used to re-scale the image brightness to ranges that can be 
accommodated by human vision and computer displays (Bagot, 1985; Campbell, 
1996). Linear stretch converts the original digital values into a new distribution 
using minimum and maximum values specified by the user. The algorithm then 
matches the old minimum to the new minimum and the old maximum to  the new 
maximum respectively. All the old intermediate values are scaled proportionately 
between the new minimum and maximum values (ERDAS, 1984; Campbell, 1996; 
Schowengerdt, 1997; Mather, 1999). The effect o f a linear stretch is to make the 
original bright areas to appear brighter and the original dark areas to  appear 
darker.
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In order to  retrieve visual information regarding the temporal and spatial 
variations in the reservoirs and to find evidence for the need to apply an 
atmospheric correction the following steps w ere carried for every image:
1) mask the land so only the reservoirs can be seen,
2) apply automatic stretch,
3) apply uniform stretch to  see temporal image brightness variations.
Based on the first step, on every scene the land was masked so that only the 
reservoir waters appear in the scene, as shown by Figure 4-27.
Then, in the second step an automatic linear contrast stretch as described above 
was applied with images to show differences in brightness in every reservoir 
reservoirs. These differences in brightness (see Figure 4-27) suggests that w ater 
quality was different fi*om reservoir to reservoir. Significant visual variations were 
appeared in the w est part and east part o f the baffle in the Queen Mary reservoir. 
Figure 4-27a shows the 5/3/85 Landsat TM  image in its original display (before 
mask). M ore expressive display was appeared when the range o f  reservoir image 
levels filled the range o f display values (0 to 255) i.e. after masking and stretching 
(see Figure 4-27b). For the masked image (afi;er linear stretch) acquired on 
12/4/84, for more expressive appearance o f spatial DN differences, unsupervised 
classification (in 20 classes) (ERDAS, 1994) was applied (see Figure 4-28). I t is 
apparent that the w ater quality differs from the w est to the east part o f  Queen 
M ary reservoir.
The comparison o f  all the images acquired on different dates, it cannot be applied 
without using a uniform stretch which is the third step o f  the proposed procedure. 
W hen a uniform stretch was applied, image to  image brightness variations 
(temporal variations) w ere more significant than the reservoir to  reservoir 
variations (spatial variations). Very noticeable variations in brightness, temporally 
but not spatially, with brighter images occurring more on the images acquired on
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17/5/85, 4/7/85 and 28/6/86, were observed. This can be visually observed from 
Figure 4-29 a and b and Figure 4-30 a and b in which two images the one 29/9/85 
and 4/7/85 had significant visual difference before and after uniform stretch. After 
the application o f uniform stretch, the image 29/9/85 was more darker, however, 
the image 4/7/85 was brighter. These temporal variations provided evidence that 
those variations are mainly due to atmospheric effects.
A1 the available images, in their original display, after the application o f  masking, 
linear stretching and uniform stretching can be viewed in Appendix 1.
4.3.1.2 Geo-referencing and  registration
Geo-referencing and registration (see Chapter 2) o f an image to a ground co­
ordinate system is an essential step in the pre-processing o f  raw  data (Mather,
1999). It gives the opportunity to  compare the characteristics at the same 
position at every image. In this case, geometric registration was carried out using 
standard techniques with ground control points (GCP's) and a first order 
polynomial equation (ERDAS, 1994). Well defined features such as road 
intersections, airport runway intersections, bends in rivers and com ers o f inland 
w ater bodies w ere chosen as GCP's. (T w enty-^o^G C P 's w ere used for the ^  ^ &
Heathrow images a n f r l^ ^ o in ts  w ere u sed lo T th e  Paphos (Cypms) a rea \ The 
location and the details o f the ground control points for the Heathrow area are 
shown in Figure 4-31 and are described in Table 4-13. The co-ordinate / \  
transformation has been used to relate ground positions in the Transverse 
M ercator (TM), Ordnance Survey o f Great Britain 1936 (OSGB36) reference 
system (ERDAS, 1994) to their equivalent row  and column position in the TM  
scene (see Table 4-14). The next step is to create an output file. Since the grid o f 
pixels in the source image rarely matches the grid for the reference map or image.
 ^ A LAT/LON projection datum was used for the Cyprus image
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the pixels are resampled so that new data file values for the output file can be 
calculated. The nearest resampling method was used (see Chapter 2).
GCF Easting
reference
(metres)
Northing
reference
(metres)
Description
1 501300 178000 road junction (M4/A4)
2 500200 175500 railway/B376 road crossing
3 502700 177750 lake top right comer (1-1.5 km from Brands Hill, near Datchet 
reservoir)
4 503500 172400 River Ash / A30 road (very close to King George VI reservoir)
5 507400 178450 M4 roundabout
6 505950 176500 Heathrow Airport feat top right comer
7 505550 176100 Sludge lagoons right comer (Perry Oak sewerage works/Heathrow)
8 508400 175700 Heathrow Airport (delta A)
9 507600 172300 railway / B3003 junction
10 510700 179100 Grand union canal junction (at Hayes)
11 511500 176400 Road junction (A4) at Hounslow West
12 510800 176000 Road Junction No. 21 (A4/A312)
13 511550 170450 Kempton Park racecourse lakes (NW comer)
14 512800 173800 Railway junction (road A314 at Hounslow Heath)
15 515950 178700 M4 road /Brent river
16 502200 167950 M3/M25 roundabout
17 508300 168600 Bridge over M3
18 507500 166850 Bottom comer of Haliford Mere lakes 
(between M3 and Chertsey Walton)
19 512950 168700 Bottom right comer of Molesey reservoir
20 512450 167900 Bottom right comer of Bessborough reservoir
21 508400 169750 Bottom left comer of water works near to Queen Mary reservoir
22 5005100 178300 Roundabout M4/M25
Table 4-13. Co-ordinates of the GCP’s extracted from the 1:25000 
Ordnance Survey maps for the Lower Thames Valley area.
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Name of projection Transverse Mercator
Spheroid name Airy
Datum name Ordnance Survey of Great Britain 1936 
(OSGB36)
Scale faetor of central meridian 0.9996
Longitude -2 degrees
Latltnde 49 degrees
Fabe E a tin g 400 km
False Northing -100 km
Table 4-14. Details of the reference system in which Lower Thames Valley 
images were geo-referenced.
Some problems due to significant cloud effects in some certain Lower Thames 
Valley images notably 24/10/85 image caused difficulties when identifying the 
positions o f  the selected ground control points (GCP's) in the image. To 
overcome this, additional GCP's at the edges o f  the visible reservoirs w ere used. 
Figure 4-32 shows the 8/3/86 image after geo-referencing. The transformation 
from its original display (before correction, see Figure 4-31) is apparent. Figure 
4-33 shows a view o f Heathrow Airport before and after geometric correction for 
the image acquired on 12/4/84. The rotation o f the runways is noticeable. Figure 
4-34 shows the Paphos area (Cyprus image) before and after geo-referencing. It 
can be seen that the Paphos Airport's runways and Asprokremmos dam are 
rotated from their original position (see Figure 4-34b). The Landsat TM  images 
o f  Lower Thames Valley area after geo-referencing are available in Appendix 1.
4.3.1.3 Sensor calibration and  radiometric calibration
The attenuated ground-reflected solar irradiance is registered at the satellite 
sensor and in the case o f Landsat TM  encoded in 8-bit words (256 grey levels).
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The at-satellite measured radiances are retrieved using a set o f gain and bias pairs 
as shown in equation (4-1). The conversion o f digital numbers (DNm) to  spectral 
radiance values at the sensor (L ^ )  must be done so as to transform the data from 
each bands to  the same physical units. Moreover, this radiometric calibration 
permits comparison o f data from various satellites dates (Price, 1987) and data 
from other satellites, for example the inter-sensor calibration for Landsat TM  and 
SPOT HRV  systems (Mispan and Mather, 1996).
For each spectral band, the gain and offset o f  the satellite sensor must be 
known. These coefficients can be obtained initially from pre-launch calibration or 
in-flight calibration stored in the header file o f the tapes or may be available from 
the data distribution agencies. For the six reflective channels the Thematic 
Mapper, spectral radiances (L ^ )  are calculated from the following formula (Hill 
and Aifadopoulou, 1990; Maracci and Aifadopoulou, 1990; Hill, 1993; M oran et 
a l ,  1995; Olsson, 1995; Schowengerdt, 1997):
(4-1)^ ts  ~  m
where
Lts is the at-satellite radiance in m W cnf^  sr~^ jam
cIq is calibration offset in m W cnf^  sr~^ fjn f^
is the calibration gain in mWcrrf^ sr~^ jian~^DN~^ 
D N ^  is the measured digital number at the satellite sensor
These calibration coefficients are subject to modifications during launch and/or 
during the sensor operation (Hil, 1993). Price (1987) reported that the accuracy 
o f the absolute reflectance calibration might be limited by the undocumented 
performance o f  the sensor and by processing at the ground receiving station. Due 
to  the fact that the detector response will have deteriorated over time (Hovis et
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a l ,  1985; Slater et al., 1986; Thorme et al., 1993; Olsson, 1995; Mispan and 
Mather, 1996), a series o f  ground measurements to update these calibration values 
are recommended (Slater et al., 1986 and 1987; Begni, 1988). Richter (1997b) 
suggests that sensor sensitivity variations w ith time means that the pre-flight 
calibration may not be applicable, and experiments to determine an in-flight 
calibration should be conducted to derive new calibration coefficients for each 
band (Singh and Cracknell 1985; Slater et al., 1987; Price, 1989). The effect o f a 
degradation in sensor gain causes a decrease in the recorded radiance and in the 
case where pre-flight calibration values are used, the apparent surface reflectance 
will take values smaller than the true one (Richter, 1997b).
M arkham and Barker (1986) reports that the differences between pre-flight and 
post-launch calibration coefficients can be up to  approximately 10 %. In the 
context o f  the present study this discrepancy can be considered significant when 
images acquired on 1984 compared with those acquired on 1985 and 1986, since 
a possible sensor degradation might be occurred during this interval time o f 
acquisition. The need to determine the long-term stability o f satellite sensors for 
quantitative and qualitative use o f satellite images in time-series satellite data 
requires ground verification o f satellite-measured radiances using suitable large 
targets (Price, 1987). Price (1987) mentions that the best target is a clear w ater 
target (e.g. an ocean) since such features have approximately known reflectance, 
and the wavelength dependence is also known.
The large uniform gypsum sand at W hite Sands, New Mexico has been used as a 
potential calibration site for the radiometric calibration o f the Landsat-4 and 5 
sensors (Slater et al., 1986 and 1987) and SPOT sensors (Begni et al., 1986). 
The W hite Sands target was selected because it is a flat area with a uniform 
reflectance. It is at an elevation o f 1200 m above sea level in an area where the 
aerosol loading is low and the expectancy o f clear weather is high (Slater et a l ,  
1987); and finally it has properties close to  a Lambertian reflectance. Ground
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reflectance and atmospheric data using ground radiometers and radiometers from 
a helicopter w ere collected at the time o f Landsat TM  overpasses on five different 
dates between July 1984 and November 1985. These measurements were used in 
radiative transfer (RT) code to  predict the spectral radiance at the TM  sensor. By 
comparing the code-calculated radiances w ith the at-satellite radiances obtained 
with the pre-flight calibration coefficients, a decrease o f the system sensitivity over 
the 16 month measurement period was observed (Slater et al., 1987). On the 
basis o f this work, some researchers have updated the TM  calibration constants 
for TM  1 to 4 bands, by using the averages o f  the five calibration measurements 
(see Table 4-15) (e.g. Hill and Sturm, 1991). The calibration coefficients for the 
TM  5 and 7 have not been adjusted since due to  the presence o f  very low DN 
values in those bands: the use o f update values in many cases gave negative at- 
satellite radiances.
Band Pre-flight Updated
do di
TMl -0.1009 0.0636 -0.1331 0.0727
TM2 -0.1919 0.1262 -0.2346 0.1385
TM3 -0.1682 0.0970 -0.1897 0.1102
TM4 -0.1819 0.0914 -0.1942 0.0885
TM5 -0.0398 0.0126 not modified not modified
TM7 -0.0203 0.0067 not modified not modified
« 0  : m W cm   ^sr  ^jLon^ and : m W cm   ^sr  ^/ m  ^DN  ^
Table 4-15. Updated Landsat-5 TM  calibration constants based on the work  
of Slater et ah (1986) (Mather, 1999)
Typically, calibration coefficients values are published and specified in terms o f 
radiance per unit wavelength. In order to  estimate the total within-band radiance.
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the values obtained from equation (4-1) must be multiplied by the width o f the 
spectral band under consideration.
Assumptions
For converting the at-satellite radiances into reflectance, a number o f simplifying 
assumptions about the target, sensor and solar irradiance characteristics were 
made in the present study. These assumptions are listed below:
1) Firstly, Lambert's reflectance law (Campbell, 1996) was assumed to be valid 
for any point on the surface. That is, the reflecting surfaces were assumed to 
be perfectly diffiise, appearing equally bright from all viewing directions 
(Teillet 1986; Campbell, 1996). The incident energy is scattered more or less 
equally in all directions.
2) The target surface was assumed to be illuminated by the sun with solar 
irradiance at the top o f the atmosphere and the values found in the literature by 
several experiments w ere used (for example, Neckel and Labs, 1984).
3) Nadir viewing (i.e. vertical observation) was assumed for Landsat TM 
(considering the relatively small field o f  view o f the Landsat TM  ±  7.5°).
Apparent "at-satellite" reflectance
The computation o f the apparent at-satellite reflectance is based on the 
assumption that target reflectance is Lambertian (Markham and Barker, 1985; 
Hill, 1993). That is, it is assumed that reflecting surfaces are perfectly diffuse. An 
effective unitless parameter to  correct for variations in the solar zenith angle, the 
solar irradiance, sensor spectral band location and band width is termed the at- 
satellite reflectance and described in the following equation (Tanre et a l ,  1979; 
M arkham and Barker, 1985; Singh, 1985; 1987; Royer et a l ,  1987, Hill, 1993, 
Mather, 1999):
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71. L ts
Eo.cos(^o).6f
(4-2)
where
is the "at-satellite" reflectance
is the spectral target radiance at the sensor (or "at-satellite" radiance)
E q is the spectral solar irradiance at the top o f the atmosphere, sometimes
termed as exo-atmospheric or extra-terrestrial irradiance 
6q is the solar zenith angle
d  correction factor accounts for variation o f sun-earth distance: ratio o f
mean to actual Earth/sun distance
The value o f the solar irradiance at the top o f the atmosphere changes with the 
solar zenith angle and with change in the sun-to-earth distance. To account for 
this sun-earth variation, the following formula can be used (Mather, 1999):
d  = [ l / l  -  0.01674 cos (o.9856 ( D 0 7 -  4)) J  (4-3)
where
0.01674 is the eccentricity o f the earth's orbit
DO Y  is the Julian day o f the year 1-365 or 366 in which the day o f the
year counting January as 1
The sun-earth distance correction factor is required since there is variation o f 
around 3.5 % in solar irradiance over the year (Mather, 1999).
The solar irradiance at the top o f the atmosphere, E q, has been found 
experimentally in the past using ground-based and airborne campaigns (Sturm, 
1981). M arkham and Barker (1987) re-calculated the solar irradiances for the
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band-widths o f TM  1 ,2 ,3  and 4 (see Table 4-16) using data from Neckel and 
Labs (1984) which are well widely accepted as the most reliable values for this
spectrum region (Hill, 1993)
V
Band Band edges ' Band>Vidth Central 
W avelength, Xc 
(pm)
Solar irradiance 
(mw/cm^/pm)
TM 1 0.452-0.519 0.066 0.486 195.70
TM2 0.528-0.609 0.081 0.570 182.90
TM3 0.626-0.693 0.067 0.660 155.70
TM4 0.776-0.904 0.128 0.840 104.70
TM5 1.568-1.784 0.216 1.676 21.93
TM7 2.097-2.349 0.252 2J23 7.45
Table 4-16. Landsat-5 TM spectral characteristics and solar irradiance at 
the top o f the atmosphere (Barker and Markham, 1987)
In the computation o f the at-satellite radiance and solar irradiance at the top o f the 
atmosphere within the Landsat TM  bands, it is necessary to  multiply by the 
nominal band width o f every band (Campbell, 1996). The nominal bandwidths o f 
the six spectral bands which are slightly different than the designed bandwidths 
presented in Table 4-16 are suggested to be used in remote sensing applications 
(Markham and Barker, 1987). These are shown in Table 4-17.
TM Nominal band edges (pm)
1 0.45-0.52
2 0.52-0.60
3 0.63-0.69
4 0.76-0.90
5 1.55-1.75
7 2.08-2.35
Table 4-17. Nominal bandwidths of Landsat TM  bands 1, 2, 3, 4, 5 and 7) 
(Markham and Barker, 1985)
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Spectral Response
In the case where a direct comparison o f  any ground data from any sensor or 
device with image data is performed, several authors report that it is necessary to 
use the Relative Spectral Responses (RSR) o f the sensor (for example, Wilson, 
1988; Tassan, 1992). This procedure is sometimes c a l le d ^  "filtering" o f ground 
data to match the satellite sensor bands (Tassan, 1992).
The spectral resolution o f the Landsat TM  is indicated by the relative spectral 
response (RSR) o f the various spectral bands. RSR describes the spectral 
integration o f the received radiance (Schott, 1997 pp.58-59; Schowengerdt, 1997 
p.77-79). The overall relative spectral response for a TM  band was defined by the 
spectral components which contribute to the spectral response. These are the 
filters detectors and optical surfaces (Markham and Barker, 1985). Markham and 
Barker (1985) provide the results o f  the RSR calculations for every TM  band. 
The plots that describe the TM  spectral performance are shown for the four TM 
bands in Figure 4-35 to Figure 4-38 (see also Appendix 2). Those plots were 
performed from the RSR data which were obtained from M arkham (pers., comm., 
1999). In order to match another spectral measurement with a TM  band, it is 
necessary to  use the TM relative spectral response functions (RSR) (Slater, 1980) 
and average within the limits o f every TM  bands to  obtain the equivalent in-band 
reflectance values. This filter procedure was used in this research to  match the 
ground measurements obtained using a GER1500 field spectro-radiometer (see 
Chapter 5) w ith those from TM  bands 1 ,2 ,3  and 4 bands.
Details about the RSR o f Landsat-5 TM  can be found in M arkham and Barker 
(1985); Schott (1997); Schowengerdt (1997); and at the following web address 
http://ltpwww.gsfc.nasa.gov/LANDSAT/IAS_RAD_TESTS/RSR/data.html.
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Application and  processing o f  the A C A  using the E R D A S  IM A G IN E  M odel 
M aker M odule
The Spatial Modeller (ERDAS, 1994) is a programming tool available in the 
IM AGINE 8.3.1 which allows the user to define inputs, functions and outputs. 
This type o f modelling is very similar to the drawing o f computing flowcharts in 
which a logical flow o f computational steps is required. The main advantage o f 
using the Spatial Modeller is the ease o f performing functions and mathematical 
calculations w ithout being required to use a programming language. The 
radiometric calibration described above can easily be applied to the available 
images by constructing a graphical model which combines the conversion o f D N  
to  radiance and then to reflectance i.e. a combination o f  equations (4-1) and (4-2). 
Such a graphical model has been created to calculate the at-satellite reflectance for 
Landsat TM  raw  digital data and are presented in Chapter 6.
After the radiometric calibration has been carried out, the next step is to  apply the 
atmospheric correction algorithms listed in Chapter 2. The simplest atmospheric 
correction algorithms (ACA) such as darkest pixel (DP), covariance matrix 
method (CMM), regression method (RM) and regression intersection method 
(RIM) have been implemented using models constructed with the aid o f  the 
ERDAS Imagine Spatial Modeller module. Statistical analysis required by some 
o f the atmospheric correction algorithms was performed using commercial 
statistical packages such as SPSS 8 and M icrosoft Excel. In cases where 
atmospheric modelling was required, two atmospheric codes were used; ATCOR- 
2 (Richter, 1990; 1996; 1997) and 6S-code (Vermote e ta l., 1997b and c)
4,3,2 Validation through ground  truth
The use o f a field spectro-radiometer contributed significantly to  this research by 
providing a number o f  direct comparisons between Landsat TM  output and
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ground truth (upwelling radiance) within Low er Thames Valley reservoirs. 
However, discrepancies which may have appeared due to the differences between 
the date o f the images and the ground acquisition (1998/99) must be considered. 
Further information on the collection o f the spectro-radiometric data is presented 
in Chapter 5.
Ground targets
The large water-storage reservoirs and concrete runways and aprons in the Lower 
Thames Valley area to  the w est o f  London are the two targets for which spectro- 
radiometric ground data have been acquired. Reservoir targets are very common 
features and can be found in most geographical areas. They are also relatively 
large and homogeneous objects which can be easily identified on the image. The 
reviewed atmospheric correction techniques (Chapter 2) were applied to the 
Low er Thames Valley reservoirs and their effectiveness was judged using the in- 
situ spectro-radiometric data. For the assessment o f  all the atmospheric 
correction methods, the investigated areas o f interests shown in Figure 4-39 were 
used. These areas are selected to be as much as possible near the outlet o f  every 
reservoir because that is the approximate regions o f the in-situ w ater sampling. In 
addition, the use o f both combination reservoir and concrete runways and aprons 
allowed the development o f a new AC method which is presented in Chapter 8.
4.4 Summary
In this chapter an outline o f the research methods and methodology w ere 
described. Briefly, the research methodology involves in the comparison o f 
atmospheric correction outputs with ground truth data obtain from spectro- 
radiometric measurements. How  the ground data were collected and w hat results 
w ere obtained, are the main topics described in the next Chapter.
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F igure 4-1. P a rtia l scene of the H eathrow  area  and L ow er T ham es Valley 
reservoirs (Landsat-5 TM  im age acqu ired  on 2/6/85 displayed in 
tru e  colour com bination w ith key locations and  featu res labelled).
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Datchet
Teddington Weir
Datfiket
Heathrow Airport
fitStaines North Staines SouthHythe End
King George VI Ashford
Common Kempton
Thames-Lee Tunnel
Hampton
Walton
Laleham
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Queen Elizabeth 11.
Treatment Works
Storage Reservoirs
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River Thames 
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^ T B e s
Figure 4-2. W ater supply features in the Lower Thames Valley 
Large water bodies in blue represents the reservoirs.
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Figure 4-3. Schem atic d iagram  indicating location and d irection  of 
photographs presented in F igures 4-3 (a) to (e) (C ontinued 
overleaf).
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(a)
(b)
F igure 4-3 (a) & (b). C ontinued (L an d  features ad jacen t to Q ueen 
M ary reservoir. The d irection and  location of 
photographs (a) and (b) a re  shown in the previous
schematic diagram at page 4-45)
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(d)
F igure 4-3 (c) & (d). C ontinued (L and  features ad jacen t to Q ueen M ary  
reservoir. The direction and  location of pho tographs (c)
and (d) are shown in the schematic diagram at page 4-45)
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F igure 4-3 (e) & (i). C ontinued (L and  featu res ad jacen t to Q ueen M ary
reservoir. The direction and  location of pho tographs (e)
and (f) are shown in the schematic diagram at page 4-45)
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Figure 4-4. L and  features ad jacen t to Q ueen E lizabeth  II reservo ir. The 
direction and  location of pho tograph  is shown by the a rro w  on the 
inset.
. "A
Figure 4-5. L and  features ad jacen t to K ing G eorge (K G ) VI reservo ir and  
Staines South reservoir situated  opposite K ing G eorge VI reservoir. 
The direction and location of pho tograph  are  shown by the  arro w  on 
the inset.
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(a)
(b)
F igure 4-6. (a) Staines N orth  R eservoir tow er; (b) A ir m ixing a t S taines N orth
reservo ir (15/6/99). The direction and location of pho tographs a re  
shown by the arrow s on the inset.
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(a)
(b)
F igure 4-7. (a) Island B arn  reservoir; (b) L and  featu res ad jacen t to Island  B arn  
reservo ir The direction and location of pho tographs a re  shown by 
the arrow s on the inset.
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Figure 4-8. Knight and Bessborough reservoirs are operated as a pair 
(see (a) and (b) figures). The direction and location of 
photographs are shown by the arrows on the inset.
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Figure 4-9. Schem atic presentation  of D atchet R eservoir 
(Tham es W ater A uthority , 1974)
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Figure 4-10. Schem atic p resenta tion  of W raysbu ry  R eservoir 
(Tham es W ater A uthority , 1974).
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Figure 4-11. O utle t layout in the m iddle of W raysbu ry  reservo ir. The 
location of the outlet tow er in the m iddle is a typical exam ple of 
the m odern reservoirs.
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Figure 4-12. G eneral processes in w hich w ater involved a fte r is ab strac ted  
from  Tham es R iver (B ridgm an, pers. com m ., 1999)
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F igure 4-13. C om parison  between of chlorophyll-a concentrations a t two 
sam pling points in the R iver Tham es points and  a t the W raysbury , 
Q ueen E lizabeth II and D atchet reservoirs out-takes.
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(a)
(b)
F igure 4-14. W ave deflection wall (a) Q ueen M ary  reservo ir
(b) K ing G eorge reservo ir
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Valve to w e r
S u p p o r t in g  b a l la s t
C o n c r e t e  lining
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I m perm eable  L o n d o n  c lay
Figure 4-15. Typical cross section, showing the designing of the m odern  reservoirs 
built on the London clay.
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Figure 4-16. A represen tation  of the th e rm al s tra tifica tion  cycle
(a) M ixed eutrophic tem perate  w ate r (typical w in te r condition)
(b) Unmixed eutrophic tem perate  w ate r (typical unm anaged  
sum m er condition) (after B ridgm an, 1999).
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aJetting Air Plumes
Hypolimnotic 
re-aeration
Pumping
Figure 4-17. M ixing systems used in reservo ir m anagem ent. O nly je ttin g  and 
a ir plum es are  used by T ham es W ate r to discum  stra tifica tion  
(B ridgm an, 1999).
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F igure 4-18. C om parison between ehlorophyll-a in Q ueen M ary  reservo ir 
w hieh uses non-artificial m ixing, and  the W raysbu ry  and  Q ueen 
E lizabeth II reservoirs w hich use artificial m ixing
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Figure 4-19. Landsat-4 and -5 configuration (Lillesand and Kiefer, 1994).
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Figure 4-20. Inclination of the Landsat orbit to maintain a sun-synchronous 
orbit (Jensen, 1996).
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F igure 4-21. Landsat-5 TM  201/24 (path/row ) tra c k  w hich encom passes the 
a rea  of interest.
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Figure 4-22. Landsat-5 TM 202/24 (path/row) track which encompasses 
the area of interest.
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Figure 4-23. Landsat-5 TM 176/36 (path/row) track which encompasses 
the area of interest at Cyprus.
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mFigure 4-24. Landsat-5 TM 183/34 (path/row) track which 
encompasses the area of interest at Athens 
region (Greece).
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Figure 4-25. Schematic diagram indicating location and direction of  
photographs presented in (a), (b), (c) for the Asprokremmos 
Dam (Paphos-Cyprus) (22/6/99).
(a) Location of the outlet; (b) Nearby land; (c) View near the 
inlet.
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Figure 4-26. DN variations for the image of Asprokremmos Dam in Paphos (Cyprus) 
(Landsat-5 TM band 4, 3/6/85)
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Figure 4-27. Landsat-5 TM image of 5/3/85 (displayed in natural colour) 
(a) original display (b) after mask and linear stretch.
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aFigure 4-28. Significant changes in colour are appeared in the 
west and east parts of the Queen M ary reservoir. 
The image shown above is unsupervised classification 
(20 classes) of a linear stretch image acquired on 
12/4/84.
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(b)
Figure 4-29. Landsat-5 TM images of 29/9/85 o f masked Lower Thames Valley 
reservoirs (a) automatic (linear) stretch; (b) uniform stretch.
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(a)
I
(b)
Figure 4-30. Landsat-5 TM image of 4/7/85 (natural colour)
(a) automatic (linear) stretch; (b) uniform stretch. By 
comparing the 4/7/85 image shown in figure (b) with 
those shown in Figures 4-27b and 4-29b, differences in 
colours are noticeable.
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Figure 4-31. Location of GCP’s on the Landsat-5 TM image acquired 
on 8/3/86 (before geo-referencing).
4-74
Figure 4-32. Landsat-5 TM image of 8/3/86 after geometric correction.
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Figure 4-33. Heathrow Airport image (12/4/84, false colour) before and 
after geometric correction.
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Figure 4-34. Paphos (Cyprus) im age (a) before and (b) a fte r geo-referencing. 
The a irp o rt and dam  ringed for clarity .
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Figure 4-35. Landsat-5  TM  spectral perfo rm ance of TM  band  1 
(obtained from  RSR data  given by M ark h am , pers. comm., 
1999).
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Figure 4-36. Landsat-5 TM  spectra l perform ance o f TM  band  2 
(obtained from  RSR data  given by M ark h am , pers. com m ., 
1999).
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Figure 4-37. Landsat-5  TM  spectra l perfo rm ance of TM  band  3 
(obtained from  RSR data  given by M ark h am , pers. com m., 
1999).
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Figure 4-38. L andsat-5  TM  spectral perfo rm ance o f TM  band  4 
(obtained from  RSR data  given by M ark h am , pers. com m ., 
1999).
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1Figure 4-39. A rea of interests used to com pare the results before atm ospheric 
correction with the ground da ta  for m ost of the m ethods. The east p a r t 
of the Q ueen M ary  reservoir was used as the A O I for com parison  in all 
the m ethods since most of the spectro -rad iom etric  g round  da ta  w ere 
taken  in this reservoir.
Chapter 5
Ground measurements
5. GROUND MEASUREM ENTS
Field data from at or near ground level permit the match o f  points or areas on 
satellite imagery to corresponding regions on the ground and therefore enables the 
analyst to establish information about the spectral signature o f  different features.
Four types o f field data are discussed in this Chapter; field spectro-radiometric 
data; locational data; and light and w ater quality data (bio-physical data). These 
data allow an assessment o f the variability o f spectral properties o f the reservoirs, 
both spatially and temporally, and this permits the establishment o f "ground truth" 
against which atmospheric correction methods may be judged.
5.1 Spectro-radiometric and locational ground measurements
5.1.1 F ield  spectroscopy
Field spectroscopy is a technique used to measure the spectral characteristics o f 
ground surfaces in the natural environment (Milton et a l ,  1995). It is the 
quantitative measurement o f radiance, irradiance, reflectance or transmission in 
the field (http://asdi.com/asd/apps/remotesensing.html). Portable, battery 
powered spectro-radiometers are typically used to make these measurements. 
Spectro-radiometers are widely used for a variety o f studies including those which 
require the collection o f field data o f ground targets for more precise image 
analysis and investigation. Field data are also used to identify the spectral or 
spatial resolution o f specific area o f  study, such as for inland waters (Dekker et 
a/., 1992)
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The role o f field spectroscopy has been discussed by M ilton (1987), McCloy
(1995), Milton et al. (1995). It is concentrated mainly in three areas o f remote 
sensing:
♦ calibration: field spectroscopy is used to characterise the spectral behaviour o f 
ground targets and monitor their suitability as suitable targets over time. It 
helps in the inter-calibration o f data fiom  different platforms or the calibration 
o f data fiom  the same sensor at different times.
♦ prediction: field spectroscopy has a predictive role which involves the 
identification o f  the optimum bands (Milton, 1987; McCloy, 1995) and the 
optimum time o f year for a particular task, for example to  predict the best 
times o f year for obtaining satellite images. Field spectroscopy helps in the 
understanding o f the interaction mechanisms and the reflectance properties o f 
the surface and facilitates the development o f suitable remote sensing sensors 
for specific application (McCloy, 1995).
♦ modelling: field spectroscopy provides the opportunity to develop and tests 
models for determining the bio-physical characteristics (Milton, 1987; 
McCloy, 1995; Milton et al., 1995) such as equation for predicting 
chlorophyll-a.
The development o f modern portable instruments with significant advances in data 
acquisition speed, spectral resolution and processing and storage o f data enables 
the efficient use o f field spectro-scopy in remote sensing studies (Milton et al., 
1995).
5.1.2 The N E R C  E quipm ent Pool fo r  F ield  Spectroscopy
In 1988, the UK Natural Environment Research Council (NERC) established an 
Equipment Pool for Field Spectroscopy (EPFS) based at the University o f 
Southampton (Milton et a l ,  1997a). The EPFS comprises six field spectro- 
radiometers for different purposes (depending on the spectral resolution and the
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target for which measurements are required) with associated equipment and 
laboratory-based calibration facilities. The EPFS provides training for users in 
field spectroscopy. For this research, GER1500 field spectro-radiometers with 
associate equipment was borrowed from the pool.
5.1.3 Spectro-radiom eter
The GER (Geophysical Environmental Research) 1500 field spectro-radiometer is 
a light-weight, high performance, single-beam field spectro-radiometer. It is a 
field portable spectro-radiometer covering the ultraviolet, visible and near-infrared 
wavelengths fiom  350 nm to 1050 nm. It uses a diffraction grating with a silicon 
diode array which has 512 discrete detectors and provides the capability to read 
512 spectral bands. The instrument is very rapid scanning, acquiring spectra in 
milliseconds. The spectro-radiometer provides the option for stand alone 
operation (single beam hand held operation; see Figure 5-1) and the capability for 
computer assisted operation (F i^ re  5-2) through its serial port, which offers near 
real-time spectrum display and hard disk data transfer. The maximum number o f 
scans (512 readings), can be stored for subsequent analysis using a personal 
computer and GER licensed operating software. The data are stored in ASCII 
format for transfer to other software. GER 1500 specifications can be found at 
http://www.ger.com; at http://www.soton.ac.uk/~epfs; and at GER1500 Manual
(1996).
For the ground measurements acquired in September-October 1998 the GER 
1500-2002 was used. For the ground measurements acquired on December 1998 
and June 1999, more modern instruments, labelled by the Pool as the GER 1500- 
2038 and 2039 w ere used. These two instruments have slightly different spectral 
ranges and sensitivity o f sampling.
5-3
Lens barrels can be easily screwed into the unit, or removed. The available 
collection optics were as follows
♦ Standard 3° field o f view (Figure 5-3 )
♦ 15°field o f view option (Figure 5-3)
♦ Fibre optic option (see Figures 5-4a): a 4.0 m probe type IF1254 96830 GER
1500 PUV 200/4/4. Om was used. A  view o f the fibres is shown in Figure 5-4b.
5. i .  4 Other associated equipm ent
The GER 1500 requires some other associated equipment for the acquisitioiV o f
Va >
spectral measurements. These are the reference panel (control surface), tripods
and a notebook personal computer (see Figures 5-1 and 5-2).
McCloy (1995) describes the technique for measuring the reflectance factors using 
a control stable surface with known characteristics. This is the method that was 
followed in this research for the spectro-radiometric measurements. McCloy 
(1995) highlights the advantages o f using control surfaces in the measurement o f 
reflectance factors and he reports the following requirements for an ideal control 
surface which needs to:
♦ be Lambertian or nearly Lambertian
♦ be not significantly variable with time or exposure to sunlight, in terms o f 
reflectance value
♦ be highly resistant in any environmental conditions
♦ have known reflectance values or values near to 100 %.
In this study, the control surface was a commercially available "Labsphere" 
compressed "Spectralon" white panel. There is evidence that these types o f  panels 
are more consistent and retain their calibration better than painted panels (Jackson 
et al., 1992). The specifications o f the white panel used, are presented in Table 5- 
1.
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W hite panel Manufacturer's designation
EPFS reference -SRT13160B
(used on 23/9/98 to 14/12/98)
-SRT1865
(used on 15/6/99)
Target Part No. SRT-99-100
M anufacture "labsphere" (http://www.labsphere. com)
Reflectance value 99%
Reflective Area (cm) 2 5 .4 x 2 5 .4
Size mounted (cm) 26.1 X 26.1 X 1.42
M aterial Spectralon
Colour White
Table 5-1. Spectralon SRT13160B and SRT1865 white panel specifications
Spectralon diffuse reflectance targets are ideal for laboratory and field applications 
such as field validation experiments, performed to collect remote sensing data due 
to their special features and properties which are summarised below:
♦ durable and washable
♦ high reflectance: have typical reflectance values o f 95% to 99% and are 
spectrally fiat over the UV-VIS-NIR spectrum.
♦ impervious to harsh environmental conditions
♦ chemically inactive
Figure 5-5 shows the instrument set up with the white panel and the tripods.
5.1.5 Field measurement o f reflectance
Reflectance is usually determined in the field in one o f two ways: either using the 
direct method in which both incident and reflected radiation are calculated directly 
from a pair o f observations or by using the reflectance factor o f the target defined 
by the measurement o f the target and a control panel. In this research the method 
using a white reference panel described by Milton (1987) and McCloy (1995
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p.251) was used. The GER1500 was used to  acquire measurements on the target 
and on the control panel. By applying the ratio o f the reflected radiance from the 
target to the reflected radiance from the panel and by taking into account the 
control panel correction (see Appendix 3), the reflectance o f the target was 
obtained. This method was used by Jupp et al. (1994) to determine w ater surface 
reflectance in Lake M okoan in Australia for including w ater reflectance in an 
atmospheric correction simulation for airborne imagery.
5. h 6 General guidelines on field  spectro-radiometric measurements
The most important procedures that must be followed during the acquisition o f 
field spectro-radiometric data are described by Milton (1987) and are briefly 
presented below:
1) Use a mast or tripod to ensure a fixed geometry between the spectro- 
radiometer, the standard panel and the target, where possible.
2) The spectro-radiometer must be at least 1 m above the upper surface o f the 
target.
3) Position all the field equipment and the people so as to avoid shadows over the 
target area.
4) Check that the standard panel fills the field o f view o f the spectro-radiometer 
and avoid any shading o f the panel from the instrument.
5) W ear dark clothing during the measurement o f data.
6) Wind effects have been shown to have significant effects on the reflectance 
values. Under windy conditions, the median o f a number o f measurements may 
give the best estimate.
For "single beam" measurements as in Figures 5-1 and 5-2 (where only one 
spectro-radiometer is in use), it is important that the time delay between the target 
and panel measurements is as short as possible, since there is evidence that large 
temporal variations occur can due to  the complexity and variability o f the
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irradiation environment (Milton et al., 1995). Alternatively, the simultaneous 
sampling o f both the target and the reference panel, termed as the "Dual-beam" 
method, will avoid this problem. "Dual -beam method" is the most efficient means 
o f collecting reflectance data since minimises the time required for data acquisition 
and eliminates the errors due to irradiance temporal variations (Rollin et al., 
1998). The arrangement o f equipment in the "Dual-beam" method is shown in 
Figure 5-6.
During the acquisition o f measurements the following data should be reported 
(Milton, 1987): 
location o f the site 
time o f measurement 
sky conditions
name and serial number o f the instrument 
the type o f method
whether the instrument was hand -held or supported by tripod 
the height o f  the instrument above the ground and the upper surface o f the 
target
the size o f the sampling area 
the sampling interval and instantaneous bandwidth
the time taken between the measurement o f the target and the reference panel.
5.1.7 Loca tiona lin form ation
Locational data enable measurements acquired in the field to  be matched w ith the 
imagery o f the same data and also to provide useful information about the 
geographical characteristics o f the sampling area. The availability o f global 
positioning system (GPS) technology provides a convenient and inexpensive way 
to find the locational information o f any feature. The accuracy o f  GPS ranges 
from less than 1cm to more than 100 metres depending on the equipment, data
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processing techniques and other factors such as the atmospheric intervention o f 
the satellite signal, receiver error, selective availability (Hum, 1993). To increase 
the accuracy o f  the collected GPS data, the technique called as "Differential 
correction" can be used. Differential correction w orks by removing m ost o f the 
natural and man-made errors that are usually appeared into the normal GPS 
measurements. Differential correction involves the use o f tw o receivers, one 
located on a base station (stationary) whose co-ordinates are known, and the 
location to be measured. The data collected at the known site (base station) are 
used to determine what errors are contained in the satellite data (GPS reading). 
The information from the base station is then applied to the collected data and the 
difference in the error in the GPS signal are used to  remove the errors. In real­
time differential correction GPS, the base station calculates and broadcasts the 
error for each satellite as it receives the data. Then this correction is received by 
the GPS (at collection location) and applied the correction at that point o f 
location.
For the locational information o f this research two different types o f  GPS were 
used:
♦ Magellan GPS 2000 (without differential correction)
♦ GARMIN GPS 12XL with real time differential correction
(http://www.garmin.com). This was loaned from the Center for
Communication Systems Research (CCSR-University o f  Surrey) w ith full
licensed subscription for a differential correction (with known base stations at 
Surrey and near Heathrow Airport area). Using differential corrections the 
accuracy can be improved up to l!. cm, regardless o f  the errors introduced by 
the U  S Department o f Defence selective availability (GARMIN U ser Manual, 
1998)
Both GPS w ere used in the first measurements to check the accuracy o f  the 
locational readings with and without differential correction. Large differences (up
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to 100m) w ere observed between the two GPS readings. I t was therefore decided 
to  use the GARMIN GPS 12XL since differential correction was giving more 
accurate locational readings. The general arrangement o f  the GPS differential 
correction consists o f  the GARMIN GPS 12XL, an antenna and a receiver device. 
The GPS was set up to give locational data according to  the Ordnance Survey co­
ordinates (OSGB36).
GPS readings were taken for every point at which spectro-radiometric data were 
acquired. The locations and their associated GPS readings are presented in 
Section 5.2.
5.1.8 Reporting the data
The GER1500 log-sheet was used to report the sequence and any information 
regarding the acquisition o f ground measurements. The log-sheet is available on 
http://www.soton.ac.uk/~epfs/index.html (see Appendix 4). It includes 
information about the site, data, operator, what type o f  optic is used, reference 
panel, time o f acquisition, reference and target numbering columns, filename, sky 
conditions and filename after processing. Examples o f reporting data in log-sheets 
during the measurement campaigns in the Lower Thames Valley reservoirs are 
presented in Appendix 4.
5.1.9 Visualisation o f  raw data
The GER1500 raw data (ASCII format) can be opened in the GER1500 software. 
This helps the user to check whether there are consistent sets o f  readings for both 
target and reference measurements. The software provides the opportunity to 
visualise graphically the spectral signature o f  the raw refiectance values.
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5.1.10 Processing o f  spectro-radiometric data
The processing o f  GER1500 raw data into absolute reflectance values o f the 
target was performed using the REFG1500.EXE MS-DOS program developed by 
Kerr (1998a) and provided by the NERC EPFS (see Appendix 5). The program 
performs an absolute reflectance calculation on a GER1500 signature format 
spectrum (using equation 6 described in Appendix 3) by ratioing the 
target/reference spectral pair and then applying a correction using the provided 
panel calibration file. The panel calibration files used in this research were 
ST13160B.PAN and SRT1865.PAN. Further details o f how  the processing is 
performed can be found in Appendices 5.
5.1.11 Processed data visualisation software
For the visualisation o f the processed data the MS-DOS program Abslook.exe 
developed by Kerr (1998b) was used. This program provides the an opportunity 
to  visualise graphically the spectrum and header information o f the processed 
refiectance values.
5.2 Description of spectro-radiometric measurements and locational readings
In this section spectro-radiometric data, locational data, the methods and 
equipment used, are presented and described. Spectro-radiometric measurements 
fi*om Lower Thames Valley reservoirs and concrete runways and aprons o f 
Heathrow Airport (London) and Paphos Airport (Cyprus) are presented.
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5,2.1 Ground measurements at the Lower Thames Valley reservoirs
Two measurement campaigns w ere carried out in 1998 and 1999 in Lower 
Thames Valley reservoirs from 23/9/98 to 14/12/98 and on 15/6/99. A  powered 
boat, a GER1500 spectro-radiometer with it associated equipment and a GPS 
were used in the measurement campaign.
The major task o f the ground measurements was to  determine the reflectance o f 
the reservoir at the water surface, i.e. at approximately zero depth. A  new 
practical methodology for retrieving the w ater reflectance at the surface was 
developed based on the practical use o f  the GER1500 mounted with a fibre optic 
probe and the theoretical formulation o f  the light attenuation in w ater medium.
The first task was to investigate the appropriate depths at which to place the fibre 
optic probe into the water. The first measurements were taken in the Queen 
Mary, Wraysbury and Datchet reservoirs on 23/9/98. By putting the fibre optic 
probe into the w ater at different depths, it was found that the appropriate depths 
for obtaining on a systematic basis reliable measurements to be used in the 
proposed methodology for retrieving the surface refiectance would be from 0.05 
or 0.10m up to  2 m (or 4 m) below the surface. By holding the probe at 50 cm or 
10 cm or 5 cm above the water, it was found that large differences in the 
reflectance values occurred. This was probably due to sun-glitter and diffuse sky 
irradiance effects. It was impossible to hold the probe at 0 m  depth, due to 
"rolling" o f the boat, and wind effects. Moreover, during the first visits to the 
Queen Mary reservoir on the 23/9/98, a problem in the holding o f  the fibre optic 
probe vertically in the w ater was experienced. Errors due to non-vertical position 
o f the probe in the w ater were found to be significant. Therefore for the other 
measurement campaigns it was decided to "black-tape" the probe to a metal rod 
(see 5-7). A  thicker black-tape was used to mark the required depths (0.10, 0.25, 
0.50, 0.75, 1.00, 1.50, 2.00, 2.50, 3.00, 4.00m). The collection o f spectro-
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radiometric data was performed at a number o f locations during an extensive 
measurement campaign on the Queen Mary reservoir on 3rd o f October 1998. 
Measurements near the outlet and inlet (see Figure 5-8), and near the baffle were 
o f importance in order to  identify any possible reflectance variability. For the 
single point campaigns, measurements w ere performed only at a point near the 
outlet. To obtain a better stability in the boat during the acquisition o f 
measurements, the boat was tied to the buoys in the reservoir (see Figure 5-7).
The second task was to find an equation which describe o f the light transmission 
through the water. The attenuation o f light in w ater is well described by Erikson 
(1933), Kirk (1977a), Mobley (1994) and Bukata et al. (1995). The photons 
entering and propagating within a natural water body will be affected by scattering 
and absorption interactions with the constituents o f the natural w ater body 
(Mobley, 1994). Absorption and scattering reduce the intensity o f  the radiance 
distribution. Also, scattering processes change the directional distribution o f  the 
light intensity. For describing the attenuation o f light through the w ater it is useful 
to introduce the photon flux , N  and energy flux, (&. N  is defined as the number 
o f photons arriving at a unit area per unit time. is defined as the product o f 
the energy per photon and the number o f such photons per unit area and time 
(Bukata et al., 1995, p.4), that is:
energy m m h e r  o f  photons  , >
0 ^ = - r - f ^ . -----------^ ---------= h.v.N (5-1)
photon a r e a . time
where,
0 ^  is the energy flux in ]oules.m'^.
h  is the Planck’s Constant {h=6.625.10"^ Js)
V is the specific wave fi*equency in-      - ______
#  is the photon flux in (sum o f photons/ m^. s)
The product h. v is  termed the specific energy (in joules).
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By considering an incident photon flux Ni„ddent upon a unit area at depth Az, the 
incident flux as it enters in the w ater body is reduced to a transmitted flux termed 
Ntransmitted • The difference between Ninddent and Ntransmmed is proportional to the 
product o f Ninddent Az i.e.
^transmitted ^ incident ^ incident ' ( 5 - 2 )
By considering that A N  -  Ntransmmed- Nmddent then equation (5-2) becomes :
(5-3)
where
K  is the attenuation coefficient (constant o f proportionality)
As A N  and Az approach zero, the above equation becomes
^  = -K .d z  (5-4)
N
Equation (5-4) is known as B eer’s  L tm . The most common form o f the Beer's 
Law is:
N {z) = N , .e - ^ ‘
The beam attenuation coefficient, K  (in units o f ), is mathematically defined as 
the sum o f the absorption and scattering coefficient. It gives the fraction o f 
radiant energy removed from an incident radiance (or irradiance) per unit distance 
z for particular wavelength, X.
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For radiative transfer in natural waters, it is more convenient to  define Beer's Law 
in terms o f  spectral irradiance and subsurface depth z (Kirk, 1977a, Paul, 1989; 
Bukata e ta l., 1995, p.25; Campbell, 1996 p .524) i.e.
“  -^0 • ^  (5-6)
where
is the irradiance at a depth z 
E q is the irradiance at zero depth
K  is the irradiance attenuation coefficient or vertical extinction coefficient
Rearranging equation (5-6) and by taking the natural log for both sides, then a 
linear relationship is found (Tyler and Smith, 1967; Kirk, 1977a; Han and 
Rundquist, 1994; Mobley, 1994) i.e.
InE^ = In Eg -  K .z
To retrieve the surface reflectance o f  the w ater at zero depth, the equation (5-7) 
expressed in terms o f reflectance was used.
In In R q K . z  (5-8)
A  new method o f  retrieving the surface reflectance was developed doing this 
research, based on the use o f the above equation (5-8). For every wavelength, the 
reflectance (Ini?^) against depth (z) was plotted. The intercept, which represents 
the required surface reflectance was determined by extrapolation. For example. 
Figure 5-9, shows the linear relationship presented in equation (5-8) for four 
different wavelengths. The y-intercept for every plot represents the required 
surface reflectance. Those readings in which the deployment o f the probe was not
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vertical or due to "rolling" o f the boat of, did not follow the Beer's Law linearity. 
Therefore, they were rejected and could not be taken into account.
The third task was to calculate the surface reflectance values equivalent to the 
Landsat-5 TM  band 1, 2, 3 and 4. Figure 5-10 shows schematically the simulation 
o f the GER1500 reflectance values with the Landsat-5 TM bands 1, 2, 3 and 4. 
The TM bandwidths used w ere those given by Markham and Barker (1985) (see 
Chapter 4). To filter the data through the relative spectral response (RSR) values 
o f Landsat-5 TM, the GER1500 reflectance values w ere interpolated to obtain the 
reflectance values at the incremental wavelength o f the RSR (at 450, 451,451 nm 
etc.). This was done since the GER1500 reflectance values were given at a 
different incremental wavelength scale (e.g. 449.81, 451.48, 453.15 nm; see 
Appendix 6). Then, the GER 1500 experimental data were filtered through the 
Landsat-5 TM relative spectral response (RSR) functions (for example as done by 
Tassan, 1992) given in http://ltpwww.gsfc.nasa.gov and Wilson (1988) and 
averaged within the limits o f the first four TM  bands, to yield the in-band 
reflectance values shown in the following section o f results (Tables 5-3 to  5-10). 
An example, o f how the GER1500 data were converted to Landsat-5 TM in-band 
reflectance values and representation o f the Lower Thames Reservoir's spectra is 
given in Appendix 6.
To summarise, three steps describe the proposed methodology for the reservoir 
ground truth measurements. Table 5-2 outlines these three steps:
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Task Finding
Step 1 Identify fiie suitable depths at which fibre optic 
probe will be located
0.05m up to 2.0 m
Step 2 Identify the theoretical equation that describes 
the light attenuation through a water medium. 
Plot ln(R!) versus (z) for every wavelength. 
Use extrapolation
The intercept represents the 
required surface refiectance for 
a certain wavelength
Step 3 Match the calculated surface reflectance 
values with the Landsat-5 TM 1, 2, 3 and 4 
bands. Filter the GER1500 experimental data 
finough the Landsat-5 TM relative spectral 
response functions
Landsat-5 TM in-band 
reflectance (%)
Table 5-2. M ethodology adopted in the determination of the in-band 
Landsat-5 TM reflectance values for the Lower Thames Valley 
reservoirs.
Results
Measurements were made on five different dates, on 23/09/1998, 29/9/98, 
03/10/98, 12/10/98, 14/12/98 and 15/6/99. The GER1500 software was used to 
visualise the processed calibrated data at different depths. Based on the above 
procedure presented in Table 5-2, the Landsat-5 TM  in-band reservoir surface 
reflectance values were calculated for every measurement campaign. These values 
are presented in Table 5-3 to Table 5-10. For Table 5-3 to Table 5-10, the time in 
GMT o f which spectro-radiometric measurements were acquired with their 
associated locational data are presented. All the GER1500 data at every point (at 
different depths) in which the spectro-radiometric measurements are acquired are 
presented in Appendix 6. Plots o f  all the reflectance values against wavelength 
can be also found in Appendix 6.
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Locational data In-band Reflectance %
Point Time
(GMT)
Coordinates 
( I K  National Grid)
GPS
Precision
(m)
TM l TM2 TM3 TM4
Queen Mary reservoir (near the out et, east part)
1 10:30 TQ507927 170283 20 2.61 4.26 2.32 0.19
W raysbury reservoir (near the outlet)
2 13:00 TQ502381 174255 25 0.50 0.80 0.33 0.02
Datchet reservoir (near the outlet)
3 14.30 TQ500373 176631 20 0.59 0.86 0.37 0.04
Table 5-3. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 23/9/98 at 
the Queen Mary, W raysbury, King George VI reservoirs 
(spectro-radiometer: GER1500-2002; method: hand held
operation + fibre optic probe).
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Locational data In-band Rel lectance %
Point Time
(GMT)
Coordinates 
(LK  National Grid)
GPS
Precision
(m)
T M l TM2 TM3 TM4
1 09:01 TQ507724 170281 10 1.59 3.18 1.52 0.06
2 09:06 TQ507820 170168 11 1.58 3.02 1.46 0.09
3 09:11 TQ507904 170055 11 1.83 3.09 1.59 0.18
4 09:21 TQ507758 169856 6 1.79 3.31 1.63 0.15
5 09:27 TQ507529 169848 6 1.60 2.69 1.38 0.11
6 09:32 TQ507528 169613 6 1.40 2.78 1.34 0.10
7 09:36 TQ507523 169455 6 1.61 2.82 1.38 0.14
8 09:42 TQ507673 169242 7 1.55 2.77 1.37 0.12
9 09:48 TQ507673 168978 6 1.14 2.62 1.18 0.07
10 09:52 TQ507442 168894 6 1.33 2.73 1.28 0.13
11 09:58 TQ507373 169265 7 1.24 2.34 1.10 0.09
12 10:08 TQ506779 169048 7 1.79 3.19 1.62 0.17
13 10:23 TQ506827 169470 7 1.25 2.19 1.09 0.10
14 10:47 TQ507487 170180 7 2.73 4.54 2.72 0.29
15 10:56 TQ506754 170193 8 1.26 2.11 1.09 0.09
Average 1.6 2.9 1.5 0.1
Standard deviation (S.D) 0.4 0.6 0.4 0.1
Minimum 1.1 2.1 1.1 0.1
Maximum 2.7 4.5 2.7 0.3
Median 1.6 2.8 1.4 0.1
Table 5-4. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 26/9/98 at 
the Queen Mary reservoir (spectro-radiometer: GER1500-2002; 
method: hand held operation + fibre optic probe). The layout of 
points in the reservoir is shown in Figure 5-11.
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Locational data In-band Reflectance %
Point Tim e
(GM T)
Coordinates 
(UK National Grid)
GPS
Precision
(m)
TM l TM2 TM3 TM4
1 08:36 TQ507478 170172 10 4.45 7.46 4.86 0.66
2 08:44 TQ507513 170326 10 2.87 4.79 2.94 0.27
3 08:50 TQ507237 170360 7 3.63 6.00 3.84 0.42
4 08:55 TQ507109 170382 6 3.53 5.92 3.80 0.41
5 09:00 TQ506828 170510 6 3.96 6.69 4.15 0.37
6 09:07 TQ506534 170282 7 2.08 3.65 2.23 0.14
7 09:11 TQ506358 170119 6 2.60 4.27 2.59 0.23
8 09:16 TQ506230 169981 6 3.25 5.27 3.49 0.40
9 09:21 TQ506155 169719 6 1.79 3.16 2.35 0.21
10 09:25 TQ506263 169639 6 2.65 4.43 2.85 0.30
11 09:36 TQ506576 169385 7 3.28 5.34 3.35 0.35
12 09:41 TQ506881 169314 7 3.14 . 5.08 3.13 0.42
13 09:48 TQ507371 169327 7 2.41 3.88 2.27 0.20
14 09:55 TQ506958 168942 6 2.35 3.89 2.02 0.15
15 10:01 TQ507330 169084 6 2.77 4.61 2.40 0.17
16 10:08 TQ507684 168956 7 2.41 4.00 2.17 0.18
17 10:14 TQ507839 168963 8 2.77 4.63 2.39 0.18
18 10:18 TQ507918 168945 9 2.61 4.11 2.32 0.40
19 10:22 TQ507674 169054 7 2.33 3.98 2.18 0.20
20 10:30 TQ506957 168942 7 2.34 3.99 2.10 0.18
21 10:38 TQ507555 169601 7 3.33 5.66 3.02 0.26
22 10:42 TQ507451 169652 7 2.38 3.94 2.20 0.20
23 10:56 TQ507903 169450 7 2.65 4.57 2.41 0.19
24 11:01 TQ508069 169452 7 2.42 4.17 2.22 0.21
25 11:06 TQ508056 169774 7 2.01 3.78 1.93 0.11
26 11:08 TQ508056 169774 7 3.16 5.49 2.92 0.23
27 11:15 TQ507918 169765 8 3.18 5.41 2.86 0.21
28 11:21 TQ507927 170283 8 3.56 6.17 3.44 0.29
29 11:25 TQ507825 170363 8 2.65 4.59 2.42 0.20
30 11:29 TQ507633 170367 8 2.88 4.79 2.56 0.21
31 11:33 TQ507710 170310 8 3.60 6.05 3.26 0.26
Average 2.87 4.83 2.80 0.26
Standard deviation (S.D) 0.61 1.00 0.70 0.12
Minimum 1.79 3.16 1.93 0.11
Maximum 4.45 7.46 4.86 0.66
Median 2.77 4.61 2.56 0.21
Table 5-5. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 03/10/98 at 
the Queen Mary reservoir (spectro-radiometer: GER 1500-2002; 
method: hand held operation + fibre optic probe). The layout of 
points in the reservoir is shown in Figure 5-12)
5-19
Locational data In-band Relflectancc %
Point Time
(GM T)
Coordinates 
(F K  National Grid)
GPS
Precision
(m)
TM l TM2 TM3 TM4
1 10:13 TQ507934 170257 7 1.69 2.55 1.35 0 11
2 10:17 TQ507952 169750 7 0.72 1.68 0.64 0.01
3 10:29 TQ507871 168982 7 0.89 1.66 0.72 0.03
4 10:37 TQ506999 169072 8 0.98 2.03 1.00 0.03
5 10:41 TQ506860 169177 7 0.96 2.35 1.08 0.02
6 10:48 TQ506195 169647 8 0.64 0.90 0.51 0.03
7 10:56 TQ507429 170260 7 0.77 1.73 0.82 0.02
8 11:02 TQ507280 169901 7 2.03 5.00 2.61 0.07
9 11:12 TQ507573 169846 7 0.83 1.69 0.68 0.02
Average 1.06 2.18 1.05 0.04
Standard deviation (S.D) 0.48 1.16 0.64 0.03
Minimum 0.64 0.90 0.51 0.01
Maximum 2.03 5.00 2.61 0.11
Median 0.89 1.73 0.82 0.03
Table 5-6. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 12/10/98 at 
the Queen Mary reservoir (spectro-radiometer: GER 1500-2002; 
method: hand held operation + fibre optic probe). The layout of 
points in the reservoir is shown in Figure 5-13).
Locational dal a In-band Re flectance %
Point Time
(GMT)
Coordinates 
(UK National Grid)
GPS
Precision
(m)
T M l TM2 TM3 TM4
1 12:58 TQ504495 173478 6 0.30 0.39 0.17 0.01
2 13:12 TQ504175 172761 7 1.02 1.55 0.74 0.06
3 13:28 TQ504104 172421 6 0.30 0.40 0.15 0.01
Average 0.54 0.78 0.35 0.03
Standard deviation (S.D) 0.42 0.67 0.33 0.03
Minimum 0.30 0.39 0.15 0.01
Maximum 1.02 1.55 0.74 0.06
Median 0.30 0.40 0.17 0.01
Table 5-7. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 12/10/98 at 
the K ing George VI reservoir (spectro-radiometer: GER1500- 
2002; method: hand held operation + fibre optic probe). The 
layout of points in the reservoir is shown in Figure 5-14).
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Locational data In-band Reflectance %
Point Time
(GM T)
Coordinates 
( I K  National Grid)
GPS
Precision
(m)
TM l TM2 TM 3 TM4
1 09:13 TQ512142 167410 6 2.87 4.79 2.94 0.27
Table 5-8. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 12/10/98 at 
the Queen Elizabeth II reservoir (spectro-radiometer: GER1500- 
2002; method: hand held operation + fibre optic probe). The 
layout of points in the reservoir is shown in Figure 5-15).
Locational data In-band Reflectance %
Point Tim e
(GMT)
Coordinates 
(FK  National Grid)
GPS
Precision
(m)
TM l TM2 TM3 TM4
1 10:46 TQ507735 170049 16 1.88 3.28 1.96 0.08
2 10:55 TQ507915 169635 15 1.67 2.89 1.74 0.08
3 11:00 TQ507947 169515 15 1.61 2.79 1.67 0.08
4 11:10 TQ507446 169355 15 1.74 2.93 1.80 0.09
5 11:17 TQ505981 169544 17 1.60 2.69 1.57 0.10
6 11:21 TQ506167 169699 17 1.73 2.89 1.94 0.09
7 11:24 TQ506560 169980 14 2.65 4.43 3.08 0.18
8 11:28 TQ506820 169996 15 2.72 4.58 3.00 0.16
9 12:33 TQ507067 169918 14 3.41 5.69 3.71 0.21
Average 2.11 3.57 2.27 0.12
Standard deviation (S.D) 0.65 1.07 0.78 0.12
Minimum 1.60 2.69 1.57 0.08
Maximum 3.41 5.69 3.71 0.21
Median 1.74 2.93 1.94 0.09
Table 5-9. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 14/12/98 at 
the Queen Mary II reservoir (spectro-radiometer: GER1500- 
2038; method: hand held operation + fibre optic probe). The 
layout of points in the reservoir is shown in Figure 5-16).
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Locational da ta In-band Reflectance %
Point Time
(GMT)
Coordinates 
(FK  National Grid)
GPS
Precision
(m)
T M l TM2 TM 3 TM4
Islanc Barn
1 9:45 TQ5-13934 1-67262 9 0.88 1.14 0.39 0.02
Bessborough reservoir (sampling from the tower)
1 10:20 TQ5-11910 1-68253 7 | 0.52 0.62 0.33 0.06
Knight reservoir
1 11:00 TQ5-11945 1-67973 7 0.62 0.77 0.46 0.03
Queen Elizabeth II reservoir
1 12:03 TQ5-12142 1-67410 7 0.22 0.55 0.15 0.03
Table 5-10. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM  1 bands 1 2, 3 and 4 acquired on 15/6/99 at 
the Island Barn, Bessborough, Knight and Queen Elizabeth II 
reservoirs (spectro-radiometer: GER 1500-2039; method: hand 
held operation + fibre optic probe, single and dual beam  
collection).
5.2.2 G round m easurem ents at the H eathrow  A irport runways and  aprons
The field measurement procedure used in the acquisition o f ground measurements 
at Heathrow Airport concrete runways and aprons (and at some targets such as 
asphalt roads, grass areas) involved in the use o f  the GER1500 (with the 3° and 
15° lenses) and the white panel, both mounted on tripods. The use o f tripods was 
essential to  provide a stable sensor-target and sensor-panel geometry. In some 
cases, where there was enough time to stay on the concrete runways and aprons 
the measurements were controlled from the computer. However, for cases where 
the British Airport Heathrow security authorities could not allow sufficient time 
on the apron, the operator-assisted technique was used sincTw a s ^ s y  and quick 
m eth^^r^E rrors due to operator shadow is a possible source o f  field errors in the 
operator-assisted techn iqug  The instrument was held 1 m above the target and 
the reference panel. Figure 5-17 shows the field o f view w hen the 15° and 3° lens 
were used at Im  above the concrete surface.
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The concrete apron surface by the cargo building at Terminal 4 (TQ 06617/74825) 
H eathrow Airport (see Figure 5-18) was the only area for which access could be 
given by the Heathrow Airport authorities. This area was a large, uniform and 
homogeneous target. The colour o f  the concrete was a brownish grey with some 
yellow and black particles (medium to coarse grains). Measurements at Heathrow 
Airport were collected on 15/12/98 and 16/12/298. The measurements were only 
undertaken for the bright dry concrete apron regions (see Figure 5-19). Some 
errors may be introduced in the GER1500 values due to effects o f shadow from 
the adjacent cargo building and from the aircraft that were parked. Additional 
measurements were carried out on w et concrete (see Figure 5-20) after a heavy 
rainfall on the same area in order to  examine the effects o f  different moisture 
conditions on the spectral signature o f the concrete target. In some other areas 
outside from the 100 m  x  100 m sampling area, measurements w ere collected on 
the white lines that were marked on the concrete apron.
Results
The method o f the calculation o f the Landsat-5 TM  in-band reflectance values was 
the same as that used for the reservoir measurements. Results for the tw o dates 
15/12/1998 and 16/12/1998, are presented in Tables 5-11 to 5-14.
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Bi"band Reflectance %  (d ry  concrete)
Point TlVIl TM 2 T M 3 TM 4
1.00 12.84 18.22 20.81 21.59
2.00 13.80 20.50 23.66 24.41
3.00 13.80 20.50 23.66 24.41
4.00 12.30 18.17 21.00 22.01
5.00 12.89 19.94 23.40 24.52
6.00 12.86 19.84 23.26 24.41
7.00 12.96 19.43 22.55 23.57
8.00 12.26 18.21 21.03 22.09
9.00 12.31 18.50 21.55 22.75
10.00 14.81 20.84 23.76 24.15
11.00 12.75 18.45 21.07 22.10
12.00 13.47 19.53 22.31 23.29
13.00 13.17 19.45 22.31 23.20
14.00 12.82 18.61 21.47 22.31
15.00 13.71 19.88 22.96 23.70
16.00 14.20 20.56 23.53 24.18
17.00 14.37 20.17 22.74 22.88
18.00 14.81 20.77 23.44 23.57
19.00 12.26 17.79 20.40 20.82
20.00 12.24 17.78 20.39 20.91
21.00 12.57 18.26 20.96 21.41
22.00 13.78 19.66 22.40 23.19
23.00 13.11 18.55 21.12 22.08
24.00 12.38 18.37 21.09 22.26
25.00 13.83 19.36 21.97 22.18
26.00 17.43 21.97 23.68 23.89
27.00 12.90 19.32 22.41 23.34
28.00 12.81 19.12 22.02 22.80
Average 13.34 19.35 22.18 22.93
Standard Deviation 1.11 1.07 1.11 1.09
Minimum 12.24 17.78 20.39 20.82
Maximum 17.43 21.97 23.76 24.52
Median 12.93 19.40 22.31 23.03
Table 5-11. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 15/12/98 
Heathrow Airport dry concrete aprons and runways 
(spectro-radiometer: GER1500-2038; method: hand held 
operation + 3° and 15° lenses; surface area: approximately 100 
m X 100 m; time period of acquisition (GMT): 12:20 to 14:00; 
location: Terminal 4 Heathrow Airport).
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In-band Reflectance % (wet concrete)
Point T M l TM 2 TM 3 TM 4
1.00 10.60 15.46 17.79 18.64
2.00 11.05 16.25 18.72 19.75
3.00 10.87 15.90 18.33 19.48
4.00 10.96 15.72 17.93 18.82
5.00 11.94 16.62 18.27 19.19
6.00 11.21 15.82 18.00 19.05
7.00 10.70 15.07 17.16 18.23
8.00 11.24 13.66 14.39 13.82
9.00 11.23 13.60 14.30 13.61
10.00 11.22 13.49 14.11 13.43
11.00 11.24 13.67 14.29 13.68
12.00 10.66 13.01 13.64 13.20
13.00 12.32 14.99 15.72 15.02
14.00 12.04 14.68 15.44 14.75
15.00 11.71 14.32 15.07 14.41
Average 11.27 14.82 16.21 16.34
Standard Deviation 0.52 1.14 1.86 2.66
Minimum 10.60 13.01 13.64 13.20
Maximum 12.32 16.62 18.72 19.75
Median 11.22 14.99 15.72 15.02
Table 5-12. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM  1 bands 1 2, 3 and 4 acquired on 15/12/98
Heathrow Airport wet concrete aprons and runways
(spectro-radiometer: GER1500-2038; method: hand held
operation and computer assisted operation + 3° and 15° lenses; 
surface area: approximately 100 m x 100 m; time period of 
acquisition (GMT): 14:00 to 15:00; location: Terminal 4
Heathrow Airport).
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In-band Reflectance % (dry concrete)
Point T M l TM 2 TM 3 TM 4
1.00 15.41 20.84 23.00 23.78
2.00 14.02 18.35 20.08 20.63
3.00 17.43 21.97 23.68 23.89
4.00 17.43 21.97 23.61 23.02
5.00 15.39 20.91 23.12 23.73
6.00 13.73 18.47 20.51 21.90
7.00 14.98 20.47 22.63 23.74
8.00 15.05 19.54 21.49 22.01
9.00 13.90 18.24 19.85 20.59
Average 15.26 20.08 22.00 22.59
Standard Deviation 1.38 1.49 1.53 1.35
Minimum 13.73 18.24 19.85 20.59
Maximum 17.43 21.97 23.68 23.89
Median 15.05 20.47 22.63 23.02
Table 5-13. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 16/12/99 
Heathrow Airport dry concrete aprons and runways 
(spectro-radiometer: GER1500-2038; method: hand held
operation + 3° and 15° lenses; surface area: approximately 100 
m X 100 m; time period of acquisition (GMT): 14:30 to 15:40; 
location: Terminal 4 Heathrow Airport).
In-band Reflectance % (wet concrete)
Point T M l TM 2 TM 3 TM 4
1.00 9.15 13.47 15.34 16.04
2.00 8.48 12.94 14.77 15.50
3.00 8.55 13.47 15.68 16.33
4.00 8.55 13.46 15.66 16.63
Average 8.68 13.34 15.36 16.12
Standard Deviation 0.31 0.27 0.43 0.48
Minimum 8.48 12.94 14.77 15.50
Maximum 9.15 13.47 15.68 16.63
Median 8.55 13.47 15.50 16.19
Table 5-14. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 16/12/99 
Heathrow Airport wet concrete aprons and runways 
(spectro-radiometer: GER1500-2038; method: hand held
operation + 3° and 15° lenses; location: Terminal 4 Heathrow  
Airport).
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In-band Reflectance % (concrete + white lines)
Point T M l TM 2 TM 3 TM 4
1.00 27.06 40.98 51.04 58.47
2.00 30.66 51.88 70.99 88.48
3.00 44.96 75.53 104.55 132.27
4.00 36.26 49.90 58.50 63.91
5.00 21.76 34.57 43.44 50.39
Average 32.14 50.57 65.70 78.70
Standard Deviation 8.90 15.60 23.98 33.15
Minimum 21.76 34.57 43.44 50.39
Maximum 44.96 75.53 104.55 132.27
Median 30.66 49.90 58.50 63.91
Table 5-15. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 16/12/99 
Heathrow Airport concrete aprons + white lines (spectro- 
radiometer: GER1500-2038; method: hand held operation + 3° 
lens; location: Terminal 4 Heathrow Airport).
The spectral signatures o f some other features in the Thames Valley were 
investigated. The method and equipment were the same as described in the 
Section 5.2.2. The in-band reflectance values are presented in Appendix 7.
5.2.3 Ground measurements at the Paphos Airport aprons (Cyprus).
Spectro-radiometric measurements were undertaken at Paphos Airport on 22/6/99 
(see Figure 5-21). The same procedure was followed as at Heathrow Airport. 
The results obtained are presented in Table 5-16. It is important to  mention that 
the colour o f the concrete aprons w ere bright whitish grey (see Figure 5-21).
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In-band Reflectance % (dr\ concrete)
Point T M l TM 2 TM3 TM4
1.00 16.88 21.04 23.95 25.58
2.00 20.51 25.12 28.33 29.6
3.00 19.25 23.49 26.26 27.50
4.00 19.39 24.85 22.16 22.45
5.00 17.85 21.10 23.55 24.42
6.00 18.07 21.00 23.26 22.34
7.00 18.56 21.92 24.29 24.72
Average 18.69 22.76 24.85 25.40
Standard Deviation 1.11 1.71 2.12 2.40
Minimum 16.88 21.04 22.16 22.34
Maximum 20.51 24.85 28.33 29.6
Median 18.81 22.70 24.12 25.15
Table 5-16. GER1500 ground data converted to in-band reflectance (%) for 
the Landsat-5 TM 1 bands 1 2, 3 and 4 acquired on 22/6/99 at 
Paphos Airport (Cyprus) concrete aprons (spectro-radiometer: 
G E R l500-2039; method: hand held operation + 3° lens; 
location: Terminal 4 Heathrow Airport).
5.3 Light and water quality measurements
In this section a description o f  the light and w ater quality parameters is presented 
in order to characterise the trophic and chemical properties o f the Low er Thames 
Valley reservoirs.
5.3.1 Attenuation o f light in general and light measurements
A brief description o f the historical review o f light attenuation, the importance o f 
extinction coefficient in waters and the available light readings performed by 
Thames W ater Utilities Ltd are presented in under this heading.
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Historical review
The study o f light transmission in inland waters was closely first reported by Birge 
and Juday (1929) and Juday and Birge (1933) who studied the light transmission 
and spectral compositions o f 530 Lake waters in Wisconsin. Juday and Birge 
(1933) found that the transparency measured with Sechhi disc o f the lake waters 
in north-eastern Wisconsin decreases with the increase o f the brown colour o f the 
w ater and with an increase in the amount o f  plankton. Erikson (1933) examined 
the light intensity at different depths (up to  21 m) in Gunflint Lake (Minnesota). 
They concluded that the variation o f the intensity with depth was exponential in 
the case o f some wavelengths but not in the case o f  all wavelengths. The 
wavelengths in which significant deviation was found fi*om exponential fit were at 
563 nm and 529 nm. Kirk (1977a) adds substantial knowledge in the light 
attenuation in natural waters.
Optical characterisation o f water bodies using the extinction coefficient 
For spectrometric measurements, the downwelling irradiance (or reflectance) in a 
natural w ater based on the Beer's Law is considered to  attenuate exponentially 
w ith depth z (see equation 5-6). The irradiance attenuation coefficient (or 
extinction coefficient) describes the average value o f  the downwelling irradiance 
attenuation coefficient over the w ater depth interval 0 to  z. The downwelling 
irradiance based on the Beer's Law exponentially approaches zero. The depth at 
which this limit is effectively reached depend on the degree o f clarity o f the water. 
Optical depth is referred to the depths o f irradiance levels in natural w ater body by 
defining the attenuation coefficient at that level.
The optical depth is defined as :
Ç{X,z) = K . z
where
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z)  is the optical depth o f  the water
K  is the irradiance attenuation coefficient
z  the w ater depth
Bukata et al. (1995) report that very clear waters (with minimum concentrations 
o f  organic and inorganic materials) are characterised by low values o f  K  and the 
very turbid w aters are characterised by higher values o f K. Therefore, for a given 
w ater depth, the optical depth o f turbid waters is greater than the optical depth o f 
clear waters. Optical depth is usually expressed in terms o f subsurface irradiance 
i.e. the percentage ratio o f the E(Z)/Eo(Z). For example, a ratio o f 1 % 
corresponds to  an optical depth o f 4.605 (using equation 5-6) and the ICO % 
irradiance level corresponds to an optical depth o f 0. The sub-surface layer from
100 % to 1 % irradiance levels is referred as the photic or euphotic zone and
corresponds to the region in which most aquatic photosynthesis occurs (Bukata 
e t a l ,  1995).
The spectral underwater light distribution in the wavelength range 
400nm<X<700nm is defined as the photosynthetically active radiation (PAR). 
Kirk (1977a) reports that
" I am referring to what is frequently called photosynthetically active 
radiation, or PAR, which is that waveband o f solar radiation that can 
be used for photosynthesis by plants. This is sometimes taken to  be the 
waveband from 350 nm to 700 nm, but more commonly amongst plant 
physiologists it is taken to be the waveband from 400 nm to 700 
nm ....corresponds roughly to  the wavelength o f visible light..." 
(p.497).
PAR is an important controlling factor o f  the phytoplankton growth as well as a 
measure o f w ater quality (Kirk, 1977a; Paul, 1989; Bukata et a l ,  1995). The
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PAR intensity at depth z  is related to  the PAR intensity just below the surface 
according to Beer's Law. The mean PAR attenuation coefficient is defined as:
,  700
400
where IQpar) is calculated by measurements at selected wavelengths in the PAR 
range, and the wavelength X is measured in nanometers.
Light readings in the Lower Thames Valley reservoirs
In the past, Thames W ater have obtained light readings to assess conditions o f 
algal growth. Algae need light to grow and therefore there is a need to know the 
optical properties o f the w ater and hence the extinction depth (photic zone) in 
relation to total depth. Mixing strategies can then be developed. The extinction 
coefficient is used to calculate the depth at which algae can grow - i.e. the depth 
column where there is photosynthetically active radiation.
Light meter used by Thames Water Utilities Ltd
An 'opal' filter was used on top o f coloured and neutral density filters to reduce 
scattered light entering the photocell and reduce reflection. The light meter was 
made by Allan Steel in Thames W ater (Bailey, pers. comm., 1999). It was a very 
simple photocell from the 1960's attached to linear amplifier (with a small amount 
o f damping applied to the photocell output (capacitor). In the late 1980's, Thames 
W ater used a more sophisticated device based on photo-diodes and more specific 
filters (Bailey, pers. comm., 1999).
The wavelengths in which light intensity was analysed fi-om the light meter 
(photocell and filters) w ere the transmission peaks of:
♦ blue at 430 nm
♦ green at 530 nm
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♦ red at 630 mn
Light readings w ere only available for the years 1977-1989, After 1989, it was 
decided to  stop the light measurements in order to reduce testing costs 
(Bridgman, pers. comm., 1999).
Optical characterisation o f Lower Thames reservoirs using the K(par)
A  set o f  data on a systematic basis w ere found for the years 1989-1990. The light 
intensity at 430 nm, 530 nm and 630 nm were found from Thames W ater records. 
To calculate the extinction coefficient at the three wavelengths. Beer's Law was 
used. The vertical attenuation coefficient K(par) was calculated by numerical 
integration on the basis o f depth-averaged K(/l) values. The same w ork has been 
done by Paul (1989) who investigated the interrelationships between optical 
parameters in the Saidenbach drinking w ater reservoir. The K(par) values for the 
year 1989 (and some readings in 1990) reflect the seasonal variation o f the 
phytoplankton growth in the Queen Mother, Wraysbury, King George VI, Staines 
South and Staines North, Queen M other and Queen Elizabeth II reservoirs. All 
the calculated values o f  the above reservoirs are presented in Appendix 8. A 
graphical presentation o f the K(par) seasonal variation is shown in Figure 5-22 for 
the Queen Mary, Wraysbury, Datchet and Queen Elizabeth II reservoirs. The 
dates on which each reservoir contained the clearest w ater according the available 
light readings database are listed in Table 5-17.
The light energy is higher in near the surface. This can be shown from Figure 5- 
23 in which the exponential light penetration profile in the Queen Elizabeth II 
reservoir is presented.
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Reservoir Date in which light transmission was high 
i.e. more clear water means low K(,.ar>
Datchet 03/07/89 0.03
Wraysbury 11/07/89 0.07
King George VI 13/07/89 0.02
Staines North 11/05/89 0.03
Staines South 11/05/89 0.13
Queen Mary 03/05/89 0.04
Queen Elizabeth II 09/05/89 0.09
Table 5-17. Date on which each reservoir consists o f very clear water, 
indicated by low K(par) values.
From the GER1500 spectro-radiometric measurements for the Lower Thames 
Valley area, by using equation (5-8) the extinction coefficient was calculated for 
every wavelength. By averaging the derived extinction coefficients through 400 
to 700 nm, the K(par) was found. The only period in which the K(par) from 
spectro-radiometric can be empirically compared with the derived K(par) from 
light readings are those obtained on 15/6/99 for the Queen Elizabeth II reservoir. 
By using the same procedure as described in the Section 5.2.1 for calculating the 
extinction coefficient, the K(par) from the GER1500 readings was found to  be 
0.11. This is very closed to the K(par) range 0.11-0.26, found from the light 
readings acquired on 12/7/89 and 6/6/89 respectively.
Some examples o f K(par) values are reported in the literature for lakes and 
reservoirs. As mentioned in Chapter 3, K(par) ranged from 0.31 to  0.96 for Mono 
Lake (Almanza and Melcak, 1985) and for eutrophic reservoirs in the Colorado 
Front Range IQpar) ranged from 0.66-1.00 m'^ (Arenz et al., 1996). For oceanic 
waters, the writer contacted Karpouzli (pers. comm., 1999) who used the 
GER1500 field spectro-radiometer equipped with fibre optic probe to  characterise
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optical properties o f oceanic waters in San Andres Archipelago in Colombia 
(April-June, 1999). Karpouzli derived the K(par) the same way as described in the 
previous paragraph and she found that K(par) ranges from 0.06-0.57 m '\  The low 
K(par)=0.06 m'^ corresponds to  tropical marine environments at offshore clear 
w aters while, the high K(par)=0.57 m'^ corresponds to turbid organic rich waters 
at the entrances o f mangroves, near hotel and sewerage outlets.
For the Lower Thames Valley reservoirs, by examining the derived K(par) for 
every reservoir, presented in Appendix 8, it is apparent that the range o f K(par) 
values is 0.03 to 1.00 m '\  Therefore, it can be concluded that relatively high 
extinction coefficients correspond to turbid waters which are rich o f organic and 
inorgamc materials and depending on those concentrations, K(par> is characterised 
as v e ry \a riab le  parameter for any given w ater body and provides a tool for 
isessihg w aters as clear to high turbid waters in certain date. Kirk (1977a) found 
that the attenuation coefficients are well correlated with turbidity since both are 
strongly affected from suspended sediments.
5.3.2 Water quality chemistry
Thames W ater Utilities Ltd uses its raw-water reservoirs as the first part o f the 
treatment process for much o f the w ater supply in south-eastern England. The 
control o f w ater quality within the reservoirs makes the subsequent treatment 
more economically viable than if  the reservoirs act purely as storage facility. 
Optimal operation o f  the w ater treatment process requires that reservoir 
management techniques should be adopted to produce the highest quality o f water 
at acceptable costs. Large algal blooms can cause many difficulties in treatment 
works for example, through the blocking o f filters. W here there is choice, the best 
quality o f the stored water is selected for moving on to the treatment works. The 
assessment o f the w ater quality requires an appreciation not only o f the general 
physical, chemical and biological properties o f the w ater to  be treated but also an
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appreciation o f the w ater quality both spatially and temporally in every reservoir. 
Any failure to provide the treatment works with acceptably good w ater may lead 
to extensive treatment costs due to  w ater treatment performance problems.
The monitoring o f  w ater quality in the raw  water reservoirs in the Low er Thames 
Valley is carried out by Thames W ater Utilities based at Walton-on-Thames. The 
w ater quality in the Lower Thames Valley reservoirs is monitored by field 
sampling. One w ater sample is acquired once per week for each reservoir at the 
same location and at a variety o f depths since w ater quality varies with depth 
depending o f the maximum depth o f the reservoir. The w ater sample is then 
tested in the laboratory to  determine the chemical and biological characteristics o f 
the water. The following section provides information on how the w ater samples 
are collected, and what parameters are obtained fi’om the laboratory analysis o f 
w ater samples. Further documentation concerning the field and laboratory 
methods can be found in Bartram and Ballance (1996).
Field measurements in the Lower Thames Valley reservoirs 
W ater samples are collected by the Thames W ater sampling team near the 
reservoir outlet. In the winter time (under adverse meteorological conditions) 
samples cannot be acquired fi*om the boat and are then only taken from the 
limnological towers o f  the reservoir. Locations from which samples are usually 
collected for every reservoir are presented in Appendix 9. W ater samples are 
collected using a "Patalas" sampling device (see Figure 5-24 ). This is a simple 
aluminium box, with hinged lids at either end. As the device is lowered through 
the water, the lids open, and the box drops to the depth required. Markings on 
the rope are used to determine when the correct depth is reached. As the descent 
is stopped, the lids close trapping a discrete sample o f water. The box is then 
raised, and emptied into the sample container (Bridgman, pers. comm., 1999).
5-35
D issolved Oxygen (DO): Dissolved oxygen content is measured on-site at a 
variety o f depths using a "Clarke membrane electrode" (or oxygen probe) 
(Bartram and Ballance, 1996) (see Figure 5-25). DO concentration is monitored 
on a regular basis at the Lower Thames Valley reservoirs since for treatment 
w orks a minimum o f 60% is required. Determination o f DO concentrations is 
used to indicate the degree o f pollution by organic m atter and the level o f self­
purification o f  the w ater (Chapman, 1996). Oxygen is essential to all forms o f 
aquatic life and DO varies w ith temperature, salinity, turbulence, the 
photosynthetic activity o f algae and plants and atmospheric pressure. DO is 
usually expressed in terms o f percentage saturation. Levels less than 80 % in 
drinking w ater are associated w ith poor odour and taste.
Temperature: W ater temperature is measured on-site at variety o f  depths using a 
thermistor (see Figure 5-26) Temperature measurements at different depths are 
important since they can be used as indicators o f the presence o f thermal 
stratification. Temperature affects physical, chemical and biological processes 
within the w ater body. As w ater temperature increases, the rate o f  chemical 
reactions increases together with the evaporation o f substances fi-om the water. 
Moreover, algal grow th rates increase in very warm temperatures leading to algal 
blooms and increased w ater turbidity.
Laboratory m easurem ents
Except firom the most commonly w ater quality parameters such as chlorophyll-a, 
POC, turbidity etc., some other microscopic organisms such as zooplantkon are 
o f  great importance. All these parameters are described and explained in this 
section since are determined in the lab by Thames W ater Utilities Ltd.
W ater samples acquired in the containers (see Figure 5-27) are laboratory tested 
and analysed in Thames W ater laboratories at Reading and London. Figure 5-27 
shows the collection o f water samples in the container for laboratory analysis (for
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zooplantkon), acquired on 23/9/98 at the Queen Mary reservoir. W ater quality 
parameters such as nitrogen, phosphorous, chlorides, silicate, particulate organic 
carbon (POC), chlorophyll-a (chl-a), zooplankton biomass contents and turbidity 
measurement are determined only for samples acquired at 1 m  depth. For samples 
acquired for depths greater than Im, only chl-a and POC are obtained in 
laboratory analysis.
All surface w ater supplies support growth o f microscopic aquatic organisms 
which are free swimming and floating organisms, called plankton  and are o f great 
interest in w ater quality studies in lakes and reservoirs. The plankton are 
composed o f animals, zooplankton, and plants, phytoplankton. Phytoplankton is 
predominantly algae and cyanobacteria (Bukata et a l ,  1995). Nitrogen and 
phosphorous are both essential for the growth o f algae and responsible for their 
growth rates. In case where the w ater has substantial nitrogen and phosphorous, 
algal blooms occur which may cause significant problems in the treatment works. 
Example, o f algal blooms is the Figure 5-28 at the Queen Elizabeth reservoir.
Chlorophyll-a: The green pigment chlorophyll is present in photosynthetic 
organisms and provides an indirect measure o f algal biomass (the amount o f algae 
present in water) and an indication o f the trophic status o f a w ater body. The 
most common indicator o f algae is chlorophyll-a (Chapman, 19961 Chlorophyll-a 
is usually included in the assessment programmes for lakes and4eservoirs and is 
important parameter for the management o f water abstracted for drinking water 
supply since any excessive algal grow th makes w ater more difficult to treat. The 
growth o f algae in a w ater body is related to the presence o f nutrients, 
temperature and light. Concentrations o f chlorophyll change daily and seasonally, 
and vary with w ater depth depending on the prevailing environmental conditions. 
Chlorophyll-a is determined by filtering the w ater through a glass fibre filter pad 
(Whatman GF/C), extracted using hot methanol and measured spectro- 
photometrically (Chapman, 1996).
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Particulate Carbon (PC): Generally particulate matter is derived primarily from 
both physical and chemical weathering processes o f rocks which then may be 
further modified by soil-forming processes. Then, erosion subsequently transfers 
the sediments or soil particles from their point o f  origin into freshwater bodies. 
During the process o f transport the sediments into different seizes are deposited 
on the bottom  o f water. Within the w ater body, the sediments are re-suspended 
and their composition is modified. I t is most common known that particulate 
matter refers to particles greater than 0.45 |im. POC is one o f the major 
categories o f  particle pollutants in the w ater body. POC is a product o f  either 
dissolved organic substances or particulate-sized organic detritus o f external or 
internal origin (Chapman, 1996). The use o f POC as an indicator assists in 
determining the impact o f the w ater on treatment systems. POC is measured by 
filtering the w ater through an ashed glass fibre filter pad (again a W hatman GF/C), 
and digesting it in a Potassium Dichromate solution. This is then titrated with 
ferrous ammonium sulphate using a redox indicator (Bridgman, pers. comm., 
1999).
Turbidity: The term turbid is applied to  waters containing suspended matter 
which interferes with the passage o f light through the w ater body. Turbidity is 
defined as the optical property that causes the light to be scattered and absorbed 
rather than transmitted in straight line through a w ater sample. Turbidity o f the 
w ater is dependent on the particles held in suspension (for example, materials of 
silt or microscopic living organisms) (Juday and Birge, 1933). It is measured 
either nephelometrically with a turbidimeter (Sawyer et ah, 1994). The amount o f 
light scattered is measured using the primary standard "Formazin". Turbidity 
measurements using formazin reference material (polymer) are reported in 
Formazin Turbidity Units (FTU) (Sawyer et ah, 1994; Twort et ah, 1994). Based 
on the fact that turbidity is a measurement o f the side scattering o f  light within 
w ater due to  suspended sediments, therefore, turbidity measurements can provide 
an indirect measurement o f SS concentrations (Allee and Johnson, 1999). It
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varies seasonally according to  the biological activity in the w ater column. 
Although turbidity is caused by materials in suspension, it is difficult to  correlate it 
w ith the quantitative measurement o f suspended solids in a sample as the shape, 
size and optical properties o f the particles all affect their light-scattering 
properties. For the Lower Thames reservoirs, turbidity is measured using a 
nephelometer and the reason that Thames W ater concern about turbidity is due to 
the fact that they use turbidity as an indicator o f particulates, particularly o f fine 
clay and silt (Bridgman, pers. comm., 1999). Turbidity measurements in 
conjunction with other parameters determine whether a supply requires special 
treatment before w ater may be used for a public w ater supply.
Water quality data
Records o f  chlorophyll-a (in p.g/1) and POC (|ig/l), which are the most important 
parameters in the reservoir w ater quality monitoring in the Lower Thames Valley 
reservoirs (Bridgman, pers. comm., 1999) w ere obtained from Thames W ater 
Utilities Ltd at Walton-on-Thames for the years 1981-1998. The average value o f 
every measurement at different depths, at one location has been calculated. The 
yearly minimum, maximum and average values for the previous values have been 
found for every reservoir. A  summary o f minimum, maximum and average values 
for all the reservoirs for the period 1981-1998 is shown in Table 5-18. Yearly 
statistics are available in Appendix 9 for all the reservoirs. The statistics shown in 
Table 5-18 and Appendix 9 indicates the eutrophic state o f  the Lower Thames 
Valley reservoirs which is discussed in Chapter 10.
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Ke.senoir chlorophyll-a particulate organic carbon
Min Max Average Min Max Average
Large reservoirs (systematic monitoring)
Datchet 0.4 69 11 156 4541 832
Wraysbury 0.2 50 5 117 4786 586
Ring George VT 0.6 139 11 147 6509 892
Staines North 0.3 112 12 158 7033 916
Staines South 0.4 105 15 158 8217 1159
Queen Mary 0.6 186 16 220 8064 1082
Queen Fli/aheth 11 0.4 69 7 145 5851 692
Small reservoirs
Island Barn 0.1 360 21 125 21329 1265
Bessborough 0.3 183 10 38 13125 847
Knight 0.1 133 10 93 11485 883
Table 5-18. Chlorophyll-a and POC minimum; maximum; and average 
values for all the reservoirs for the period 1981-1998. Peaks 
values are shown in bold for both groups of reservoirs
For the (^e se rv o irv ^^  on a permanent basis, as shown in Table 5-
18, chlorophyll-a concentration and POC is highest in the Queen M ary reservoir 
and Staines South reservoirs, respectively. POC is significantly high also in Queen 
Mray reservoir jiYwhich there is no permanent mixing system. For the other 
group o f reservoirs in which are not monitored on a systematic basis. Island Barn 
receives also the higher concentrations o f  POC. Reservoir to  reservoir 
chlorophyll-a and POC variations are shown in Appendix 9. The chlorophyll-a 
concentration changes significantly with time. All reservoirs subject to seasonal 
variation o f w ater quality with the new modern reservoirs such as Datchet,
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Wraysbury and Queen Elizabeth to give a more clear w ater than the old ones due 
to  their superior mixing systems and design (see Chapter 4).
Water quality data available during spectro-radiometric m easurem ents 
For some o f the dates in which spectro-radiometric data w ere acquired, water 
samples w ere collected at the same time as the spectro-radiometric data. The 
available w ater quality data are presented in Table 5-19 and the associated in-band 
Landsat TM reflectance values in Table 5-20.
RcsciToir Date Turbidity
{FTU)
T DO
(%)
N
{mg/[)
P
{mg/l)
chl-a POC
Queen Man' 23-9-98 4.74 16.30 80.90 5.60 0.78 12.40 861
Wraysbun 23-9-98 0.55 17.20 95.20 7.00 1.16 5.58 610
Datchet 23-9-98 0.60 17.20 95.00 6.90 0.88 11.41 795
Queen Man 12-10-98 4.20 14 84.40 5.90 0.85 3.70 404
Queen Elizabeth II 12-10-98 1.07 13.9 81.40 6.40 1.44 3.70 404
King George VI 12-10-98 0.67 13.6 85.40 5.30 0.91 9.43 521
Queen Man," 14-12-98 3.55 6.80 - 7.30 0.74 1.72 266
Table 5-19. W ater quality data for samples obtained during the spectro- 
radiometric surveys (23-9-98 to 14-12-98) where T (°C) is 
temperature; DO is dissolved oxygen; N is nitrogen; P is 
soluble reactive phosphorous; chl-a is chlorophyll-a and POC  
is particulate organic carbon.
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Reservoir Date In-band reflectance %
T M l TM 2 TM 3 TM 4
Quccji Man 23-9-98 2 61 4 26 2 32 0 19
Wraysbury 23-9-98 0.50 0.79 0.33 0.02
Queen Motlier 23-9-98 0.58 0.86 0.38 0.04
Queen Maiy 12-10-98 0.83 1.69 0.68 0.016
Queen F.lizabetli II 12-10-98 2.87 4.79 2.94 0.27
King George VI 12-10-98 1.02 1.55 0.74 0.06
Queen Maiy 14-12-98 1.88 3.28 1.96 0.08
Table 5-20. GER1500 ground data obtained from the spectro-radiometric 
surveys (23-9-98 to 14-12-98), converted to in-band reflectance 
values for Landsat TM bands 1, 2, 3 and 4.
For the summer GER1500 spectro-radiometric measurements campaign, only 
POC and chlorophyll-a w ere available from the laboratory measurements. Both 
in-band reflectance values, POC and chlorophyll-a concentrations from the 
summer campaign are shown in Table 5-21.
Reseiwoir Date In-band Reflectance % chl-a PO C
TM l TM2 TM3 TM4
Queen Eli/ahelh II 15-6-99 0.22 0.55 0 15 0.03 15.94 779
Island Barn 15-6-99 0.88 1.14 0.39 0.02 0.89 419
Knight 15-6-99 0.62 0.77 0.46 0.03 0.73 383
Bessborough 15-6-99 0.52 0.62 0.33 0.06 1.67 734
Table 5-21. W ater quality (at Im  depth) and reflectance data for samples 
obtained on 15/6/99 (summer campaign).
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In order to determine any possible inter-relationships between the w ater quality 
parameters most o f  the w ater quality parameters must be available on the same 
time and same geographical area. Indeed, the only available data found from 
M etropolitan W ater reports at 1972 (Taylor and Path, 1973) w ere DO, 
Biochemical oxygen demand (BOD), suspended solids, turbidity, chlorophyll-a 
and POC which are presented in Table 5-22. BOD is an approximate measure o f 
bio-chemically organic m atter present in a w ater sample and it is defined as the 
amount o f  oxygen required for the aerobic micro-organisms present in the sample 
to  oxidise the organic m atter to  a stable inorganic form (Chapman, 1996). It is 
apparent that the w ater in the River Thames is more turbid w ater than the water 
stored in the reservoirs. From the reservoirs shown in Table 5-22, SS and 
turbidity are very high in the Queen Mary reservoir.
Reservoir July August
5 12 19 26 2 9 16
Dissolved oxygen {mg/l)
Wraysbury 7.5 7.4 7.4 6.5 7.2 7.6 7.3
Knight-Bessborough 6.3 7.5 7.0 5.7 5.6 7.6 6.4
Queen Elizabeth II 7.3 7.6 8.0 7.8 8.1 8.2 7.5
Queen Mary 7.7 9.2 9.4 7.9 8.2 8.2 7.6
River Thames 8.8 9.1 8.3 8.3 8.9 8.4 9.1
B.O.D {mg/l)
W raysbury 0.8 1.4 1.9 1.4 1.1 1.6 1.1
Knight-Bessborough 1.3 1.9 2.3 1.9 1.4 1.7 0.6
Queen Elizabeth II 1.1 0.7 3.4 1.5 3.6 1.2 3.0
Queen Mary 1.6 1.7 1.8 2.1 1.7 0.8 0.9
River Thames 1.9 2.1 4.1 1.4 2.1 2.4 2.9
Table 5-22. W ater quality parameters for the summer period 1972 (Taylor 
and Path, 1973) (continued overleaf).
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Réservoir July August
5 12 19 26 2 9 16
Turbidity {FTU)
Wraysbury 0.4 0.3 0.8 0.5 1.3 0.8 0.7
Knight-Bessborough 0.6 0.9 1.3 0.6 1.2 1.4 1.3
Queen Elizabeth II 0.6 0.6 1.5 0.6 0.9 1.7 1.3
Queen Mary - - 1.5 1.1 1.1 1.7 1.2
River Thames 9.0 8.2 14.0 13.2 12.4 11.2 11.5
Chlorophyll-a (jig/t)
Wraysbury 3.2 3.5 3.4 1.1 11.9 2.7 1.3
Knight-Bessborough 2.5 5.8 4.1 1.2 4.8 4.6 2.4
Queen Elizabeth II - 2.2 2.2 2.8 11.8 5.9 1.0
Queen Mary - 2.6 3.2 8.9 1.4 2.1 2.2
River Thames 23.1 27.8 41.6 17.4 24.4 20.4 39.2
Suspended Solids (mg/7)
Wraysbury 1.1 1.2 1.8 1.2 1.6 1.0 1.1
Knight-Bessborough 1.4 1.6 1.9 1.4 1.8 1.4 0.6
Queen Elizabeth II 1.5 1.4 2.2 2.8 - 1.2 3.0
Queen Mary 4.6 2.0 2.5 2.5 3.0 1.0 0.9
River Thames 9.0 7.0 7.0 8.0 8.0 7.0 12.0
Particulate organic carbon {jLig/t)
Wraysbury 459 358 465 333 823 335 310
Knight-Bessborough 432 436 481 321 643 494 347
Queen Elizabeth II - 300 301 393 830 619 589
Queen Mary - 806 477 760 481 296 328
River Thames 1327 1600 1973 1569 1993 1380 1351
Table 5-22. Continued
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Figure 5-1. Hand-held operation of the GER1500 spectro-radiometer
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Figure 5-2. Computer assisted operation showing (a) connection of cables; (b) the 
acquisition of measurements on the reference panel measurement 
using GER1500 (2038); (c) the complete arrangement of the computer 
assisted operation using a PC.
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3” lens
FROM THIS APERTURE
(a)
3*^  lens
15® lens
(b)
Figure 5-3. (a) A view of the bottom side of the GER1500 showing the 
sighting laser point and the position that the lens barrel are 
fitted
(b) The 3® and 15® field of view lenses.
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mm
(b)
Figure 5-4. (a) A 4.0 m GER1500 PUV fibre optic probe. The first 1 m
long was “black-taped” on 1 m metal rod 
(b) View of the fibre optic probe showing the fibres.
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IFigure 5-5. (a) GER1500 spectro-radiometer set up with the white panel
(b) A close view of the white panel.
Figure 5-6. Configuration for simultaneous reading of target radiance and irradiance 
(reproduced from http://www.soton.ac.uk/~epfs/index.html).
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Figure 5-7. The collection of measurements at the Queen M ary reservoir using the 
fibre optic probe. The boat is tied at the buoy.
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(a)
(b)
Figure 5-8. Measurements near to (a) the inlet and (b) the outlet of the Queen Mary
reservoir.
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Figure 5-9. (a) The exponential plot corresponding to Beer’s Law is shown. Por example, by 
relating reflectance values (R) acquired on 26/9/98 at 10:11 GM T with depth at 490 
nm, the results show a general agreement with the theoretical exponential plot;
(b) The required surface reflectance was found by plotting the ln(R) against depth 
(for example at 490 nm and 701 nm). The intercept at the y-axis corresponds to the 
surface reflectance found by extrapolation. A linearity was found.
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Figure 5-10. Positioning of the GER1500 reflectance values to match the 
Landsat-5 TM bands 1, 2,3 and 4. The reflectance spectrum 
corresponds to Queen Mary reservoir, acquired on 26/9/98.
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Point Time In-band Reflectance %
GMT TM 1 T M 2 TM 3 T M 4
1 09:01 1.59 3 4 8 1.52 0.06
2 09:06 1.58 3.02 1.46 0.09
3 09:11 T83 3.09 14# 0.18
4 09:21 1.79 3.31 1.63 0.15
5 09:27 1.60 2.69 1.38 0.11
6 09:32 1.40 2.78 1.34 0.10
7 09:36 1.61 2.82 1.38 0.14
8 09:42 1.55 2.77 1.37 0.12
9 09:48 1.14 2.62 1.18 0.07
10 09:52 1.33 2.73 I J # 0.13
11 09:58 1.24 2 3 4 1.10 0.09
12 10:08 1.79 3.19 142 0.17
13 10:23 1.25 2.19 1.09 0.10
14 10:47 2.73 4.54 2.72 0.29
15 10:56 T26 2.11 1.09 0.09
Figure 5-11. Overview of the GER1500 spectro-radiometric measurement points
in the Queen Mary reservoir as acquired on 26/09/98, and the
equivalent in-band reflectances.
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j:
Point Time In-band reflectance %
GMT TM 1 T M 2 T M 3 T M 4
1 0&36 4.45 7.46 4 86 0.66
2 08:44 2 87 4 79 2 94 0.27
3 08:50 3 63 6.00 3.84 0.42
4 08:55 3 53 5 92 3 80 0.41
5 09:00 3 96 6 69 4.15 0 37
6 0&07 2.08 3 65 2 23 0.14
7 09:11 2 60 4.27 2 59 0 23
8 09:16 3.25 5.27 3.49 0.40
9 09:21 1.79 3.16 2.35 0.21
10 09:25 2 65 4.43 2.85 0.30
11 09:36 3 28 5.34 3 35 0.35
12 09:41 3.14 5.08 3.13 0.42
13 09:48 2.41 3 88 2.27 0.20
14 09:55 2 35 3 89 2.02 0.15
15 10:01 2.77 4.61 2.40 0.17
16 10:08 2.41 4.00 2.17 0.18
17 10:14 2.77 4.63 2.39 0.18
18 10:18 2.61 4.11 2 32 0.40
19 10:22 2 33 3.98 2.18 0 20
20 10:30 2.34 3 99 2.10 0.18
21 10:38 3.33 5 66 3.02 0 26
22 10:42 2 38 3.94 2.20 0.20
23 10:56 2 65 4.57 2.41 0.19
24 11:01 2.42 4.17 2 22 0.21
25 11:06 2.01 3.78 1.93 O il
26 11:06 3.16 5.49 2 92 0.23
27 11:15 3.18 5.41 2.86 0.21
28 11:21 3.56 6.17 3.44 0.29
29 11:25 2.65 4.59 2.42 0.20
30 11:29 2 88 4.79 2 56 0.21
31 11:33 3.60 6.05 3.26 0.26
Figure 5-12. Overview of the GER1500 spectro-radiometric measurement points
in the Queen Mary reservoir as acquired on 03/10/98, and the
equivalent in-band reflectances.
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yPoint Time In-band Reflectance %
GMT TM 1 TM2 TM3 TM4
1 10:13 1.69 2.55 1.35 0.11
2 10:17 0.72 L68 0.64 0.01
3 10:29 &89 1.66 0.72 0.03
4 10:37 0#8 2.03 1.00 0.03
5 10:41 0#6 2J5 1.08 0.02
6 10:48 0.64 0.90 0.51 0.03
7 10:56 0.77 1.73 0^2 0.02
8 11:02 2,03 5#0 2.61 0.07
9 11:12 &83 1.69 0.68 0.02
Figure 5-13. Overview of the GER1500 spectro-radiometric measurement points
in the Queen Mary reservoir as acquired on 12/10/98, and the
equivalent in-band reflectances.
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Outlet
Figure 5-14. Overview of the GER1500 spectro-radiometric measurement points 
in the King George VI reservoir as acquired on 12/10/98, and the 
equivalent in-band reflectances.
Figure 5-15. Overview of the GER1500 spectro-radiometric measurement points
in the Queen Elizabeth II reservoir as acquired on 12/10/98, and the
equivalent in-band reflectances.
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Surfing club area
Points Time n-band Reflectance %
GMT TM 1 T M 2 TM 3 T M 4
1 10:46 1.88 3.28 1.96 0.08
2 10:55 1.67 2.89 1.74 0.08
3 11:00 1.61 2.79 1.67 0.08
4 11:10 1.74 2.93 1.80 0.09
5 11:17 1.60 2.69 1.57 0.10
6 11:21 1.73 2.89 1.94 0.09
7 11:24 2.65 4.43 3.08 0.18
8 11:28 2.72 4.58 3.00 0.16
9 12:33 3.41 5.69 3.71 0.21
Figure 5-16. Overview of the GER1500 spectro-radiometric measurement points 
in the Queen Mary reservoir as acquired on 14/12/98, and the 
equivalent in-band reflectances.
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15® lens
100 cm
3® lens
100 cm
Figure 5-17. The schematic representation of the sampling area 
when 15® and 3® lenses were used.
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Figure 5-18. The concrete ap ron  surface a t T erm inal 4, H eath row  A irp o rt
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(b)
F igure 5-19. (a) Collection of GER1500 ground m easurem ents a t H eathrow
A irp o rt (T erm inal 4) dry  concrete surface (16/12/98)
(b) Close view of d ry  concrete ap ron  surface a t H eathrow  
A irp o rt (T erm inal 4). W hite pain ted  line can be seen a t the base 
of the photograph.
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F igure 5-20. (a) G round  m easurem ents on w et concrete ap ro n  acqu ired  
on 15/12/298 (H eathrow  A irport, T erm inal 4);
(b) The representation  of the w et concrete ap ron ;
(c) A close view of the wet concrete (some b lack  and  
yellowish particles are  appeared).
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Figure 5-21. Paphos Airport concrete aprons have a bright whitish gray colour 
which is more lighter than the colour of Heathrow aprons shown in 
Figures 5-18 to 5-20 (22/6/99).
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Figure 5-22. K^ p^ R) seasonal variation in (a) Queen Mary; (b) W raysbury 
(c) Datchet and (d) Queen Elizabeth II reservoirs. are determined
by the writer from the available light readings, as shown in Appendix 8 
(continued overleaf.
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Figure 5-23. Light energy profile in the Queen Elizabeth II reservoir, 
determined from light measurements acquired on 6/6/89.
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Figure 5-24. Collecting sam ples from  the bank-side of the K nigh t &  Bessborough 
reservoirs (15/6/99). The “P ata las” sam pling device is shown on the left 
of the p icture.
F igure 5-25. Device used to m easure on-site the DO concentrations in the Low er Tham es 
Valley reservoirs (15/6/99)
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Figure 5-26. Thermistor used for temperature measurements (15/6/99).
Figure 5-27. Collecting samples at the outlet of the Queen Mary reservoir (boat 
sampling) (23/9/98). Water samples in the containers shown in the 
picture are transferred for laboratory testing.
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Figure 5-28. A blue-green algal scum du ring  an algal bloom 
(B ridgm an, pers. comm., 1999).
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Chapter 6
Image-based 
atmospheric correction methods
6. IM AGE-BASED ATM OSPHERIC CORRECTION M ETHODS
According to  the classification that was made in Chapter 2, one o f the three 
atmospheric correction categories is that o f correction applied using information 
principally extracted from the satellite images itself This chapter presents a 
detailed description o f the methods included in this category, together with 
applications to  Landsat TM images o f the Lower Thames Valley area in the 
vicinity o f Heathrow Airport. A  critical assessment and judgement o f  each 
correction method is carried out by making comparisons with reflectance data 
collected in-situ, and with values found in the literature. The following 
atmospheric correction methods are discussed:-
the darkest pixel or histogram minimum method,
the covariance matrix method,
the regression method,
the regression intersection method,
multi-temporal normalisation using pseudo-invariant targets.
6.1 Darkest pixel method
One o f the m ost widely used and well known simple atmospheric correction 
methods which is based only on the image itself is the darkest pixel method. It is 
also termed the histogram minimum method (Chavez et al., 1977; Campbell, 
1993; Campbell, 1996; Schott, 1997 p.216), the darkest object subtraction method 
(Crane, 1971; Chavez, 1988; Chavez, 1989; M oran et a l ,  1992), the dark target 
approach (Teillet and Fedosejevs, 1995) and the single-image normalisation 
method using histogram adjustment (Jensen, 1996).
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6.1.1 Concept
The visible region (0.4-0.7 pm) is strongly influenced by atmospheric scattering, 
whilst the infrared region (>0.7 pm  ) is free from atmospheric scattering. The 
darkest pixel (DP) technique assumes that the pixel with the lowest digital number 
(DN) in each band should in reality be zero and therefore its radiometric DN value 
represents the atmospheric additive effect (Crane, 1971; Crippen, 1987; Campbell, 
1996). The darkest pixel may correspond to  a large w ater body or other dark 
object or feature within the scene. The principle o f the DP approach is that most 
o f  the signal reaching a satellite sensor from a dark object is contributed by the 
atmosphere at visible wavelengths. Therefore, the pixels from dark targets are 
indicators o f the amount o f upwelling path radiance in that band. The atmospheric 
path radiance adds to the surface radiance o f  the dark target, giving the target 
radiance at the sensor. The surface radiance o f the dark target is approximated as 
having zero surface radiance or reflectance. A  recent adaptation o f the DP 
method is to assume a known non-zero surface reflectance o f the dark target 
(Teillet and Fedosejevs, 1995). The main characteristic o f  dark objects is the 
very-near-zero radiance in the IR  spectrum. This is due to the fact that w ater 
absorbs strongly in the N IR  and any scattering effect is negligible. The method 
was first developed to correct only for the additive scattering effect (Jensen, 
1996). Recent w ork has expanded the method to  include, in addition, a single 
multiplicative correction for the effect o f atmospheric transmittance (Chavez, 
1996).
The darkest pixel technique assumes that there is a high probability that there are 
at least a few pixels in the image with very low reflectivity which is assumed to 
correspond to black surface with 0 % reflectance. The assumption that there few 
pixels in the image with near zero reflectance is based on the fact that in a single 
band there are very large number o f  pixels and the probability to find a dark pixel 
is very high (Chavez, 1988). For example, for a single Landsat TM  image there
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are up to  45 million pixels and by investigating the histogram distribution o f all the 
pixels there is a high probability o f finding one pixel which may correspond to 
some shadows (due to topography or clouds) or to w ater body. In very clear 
conditions, the satellite sensor should not detect any radiance at these dark pixels. 
However, because o f  atmospheric scattering, these pixels have a non-zero digital 
number (DN). This DN value represents a first-order scattering component (haze) 
which can be subtracted from the particular band. The DP method allows the user 
to select the first-order scattering component directly from the histogram o f an 
image. The histograms for visible band will be offset from a low DN to a higher 
DN due to  some amount o f scattering. For every histogram it will be noticed that 
there is a sharp increase in the number o f  pixels at some non-zero D N  values. 
This DN value is assumed approximately to represent the amount o f atmospheric 
haze in that band (Chavez, 1988; Jensen, 1996).
6. L2 The use o f DN and radiance or reflectance in a correction method
In optical remote sensing, satellite sensors such as the Thematic M apper record 
the total radiance arriving from a particular ground target, and convert it to  a 
digital number DN, before transmitting its value to the ground stations. The 
ground-leaving solar irradiance carries information about the target properties but 
after passing through the atmosphere, a modified signal is registered at the 
satellite. The equation used to convert satellite DN to target radiance at the 
sensor (sometimes termed as "at-satellite radiance" or "apparent radiance") is 
given by equation (4-1) in Chapter 4.
The radiance measured by the instrument at the top o f  the atmosphere is 
dependent on the solar irradiance. In order to  avoid any effects o f  seasonal 
variation o f  the solar irradiance, the radiance measured by the satellite must be 
converted to reflectance, using the "apparent reflectance model" (see Figure 6-1). 
This will enable the user to compare reflectance values from one date to  w ith
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those from another. The accuracy obtained will, however, be dependent on the 
calibration accuracy (Orino et al., 1997).
The apparent reflectance model corrects for the solar irradiance in each band, and 
for the solar zenith angle o f the image, but the following parameters are ignored:-
♦ atmospheric transmittance between the ground and the sensor
♦ atmospheric transmittance between the top o f the atmosphere and the ground
♦ downwelling diffuse spectral irradiance at the ground due to atmospheric
scattering
♦ scattering due to path radiance
The Apparent Reflectance M odel can be expressed mathematically as:
^ (6- 1) 
£ocos(0„).fi?
where
is the reflectance at the top o f the atmosphere, sometimes termed the
"at-satellite" or "apparent" reflectance.
is the target radiance as measured at the sensor,
E q is the solar irradiance at the top o f the atmosphere,
6q is the solar zenith angle and,
d  is the correction coefficient accounting for variation in the sun-to-earth
distance.
The use o f DNs alone, without correcting for solar irradiance effects, may cause 
some problems, and incorrect conclusions may be drawn. For example, in the 
case o f ratioing o f bands for a single scene at different dates, or using different 
sensors, then the resultant values will not be comparable since the calibration o f
6-4
each band is different (Robinove, 1982). Robinove (1982) shows that the DNs 
should be corrected to  radiance or reflectance before starting analysis. 
Furthermore, he highlights the importance o f this conversion w hen attempting to 
compare or detect change between multi-date images which are acquired under 
different sun angles and calibrations. Kowalik et al. (1982) also note that if  
comparisons are to  be made from one date to  another then a DN-to-radiance-and- 
reflectance conversion must be used. In cases where the digital numbers are to be 
given a physical meaning in terms o f  land or ocean surface characteristics then the 
conversion from digital number to radiance will be essential.
In the following sections, a description o f  the darkest pixel method is first 
presented using digital numbers, and is then presented again using physical units o f 
both radiance and reflectance. Both cases are presented in steps, firstly using a 
mathematical description and secondly, by describing graphically each algorithm 
using flow charts.
6.1.3 D arkest p ix e l m ethod  using D Ns
A description o f  the darkest pixel method using DNs is presented below. 
Algorithm :
For every wavelength, X,
D N , = D N „ - D N ^
where
DN^ is the corrected digital number
is the measured digital number, 
is the minimum digital number.
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Graphical model:
The darkest pixel method is constructed using the Spatial Modeller (the model 
maker module o f  ERDAS Imagine 8.3.1, see Chapter 4) as follows (see Figure 6- 
2):-
♦ Select input raster data file
♦ Calculate Minimum DN value o f  each band and store these values 
in table n3 Output The Spatial Modeller function is defined as: 
GLOBAL M IN ($n l input filename, IGNORE 0)
♦ Subtract the minimum DN from every DN: $ n l input fllename- 
$u3 Output
♦ File the output raster image, $u5 output filename.
6.1.4 Darkest pixel method using radiance and reflectance
The DP algorithm is presented below in a different format, using the physical units 
o f  radiance and a simple mathematical simulation. This has been done since in 
most research, the digital numbers are to  be given a physical meaning in terms o f 
w ater and land surface characteristics.
Algorithm:
Firstly, the conversion o f  DNs to  radiance is made using equation (4-1) (Chapter 
4). Equation 4-1 states that
^ts ( 6 - 3 )
6 - 6
The radiance detected at the sensor includes path radiance, so that
L ts -  + L p  (6_4)
where
is the target radiance at the sensor, 
is the target radiance at the ground level,
4  is the atmospheric path radiance.
By selecting a dark object, such as a w ater body, and by assuming the radiance 
from the dark target at ground level (Z ,^)to  be zero, the path radiance may be
obtained from equation (6-4).
^ 6  - 4 ;  + 4  (6-5)
where
is the dark object radiance at the sensor 
is the dark object radiance at ground level
Assuming that L ^ = 0 ,
L p - L ^  L d g - L ^
The radiance-to-refrectance model presented in equation (6-1) is now  applied in 
conjunction with the darkest pixel method. The only change from this formula is 
that it corrects for the atmospheric additive scattering component (Chavez, 1996). 
In order to understand which parameters are ignored in this correction method, it 
is more convenient to  describe and present schematically the tw o dimensional
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model o f  Figure 6-3 (Forster, 1984; Jensen, 1996) which describes the various 
paths o f the radiance received by the satellite remote sensing system. The total 
radiance reaching the satellite sensor is given by Forster (1984) as:
= (> /)./> ^ .m )t(£ '.T ((9 „ )4 ..co s(0 „ ) + £ ' )  + Z,^  (6-7)
where
is the target radiance at the sensor, 
ptg is the target reflectance at the ground
T(6^ ) t  is the atmospheric transmittance between ground and the sensor
Eg is the solar irradiance at the top o f  the atmosphere corrected for
earth-sun distance variation (i.e. E ^ x d )
T(^q) is the atmospheric transmittance between the top o f the atmosphere
and the ground
E p is the diffuse sky irrradiance corrected for earth-sun distance
variation
6^ is the satellite viewing angle
6q is the solar zenith angle
Lp is the atmospheric path radiance
The direct solar irradiance (Ej,y^^J is defined as:
E l e c t  =  4 '  • T((?o )'!'• cos(^„ ) (6-8)
The global irradiance incident on the target is the sum o f the direct solar irradiance 
plus the diffuse sky irradiance (Forster, 1984):
-  ^direct +
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The atmospheric path radiance presented in equation (6-7) results from multiple 
scattering. Forster (1984) includes the contribution o f  the adjacent land, that is 
the background reflectance ( R ^ ) m  the atmospheric path radiance term  ( Lp ).
Based on equation (6-7), the target reflectance at the ground is given below by 
equation (6-10) (Forster, 1984):
   (6-10)
"  (E^.T%)4.cos% ) + E ; ) T ( g j f
By ignoring the following parameters (by assuming the following certain values), 
the darkest pixel method using radiance and reflectance is given by equation (6- 
11):-
♦ E n = 0
[ E e - E p ]  (6-11)
Ef).cos(0^).d
From equations (6-4) and (6-6),
_  ^ds) (6-12)
£o.cos(^o).<7
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Graphical model:
The model is constructed as follows (see Figure 6-4):
1. Select input raster data file
2. Convert the input image data (DN) to  radiance using the sensor
calibration coefficients (a^  and a^) which are stored on the
custom tables n2 Custom Float and u3 Custom Float The
modeller function is: (Sul input f11ename*$n3 Custom Float) 
+ $u2 Custom Float. The output is now stored as a temporary 
raster, n21 memory.
3. Convert the radiance to reflectance by taking into account the 
atmospheric path radiance. The values o f dark object radiance at 
the sensor ( L ^ )  which represent the minimum radiance values in 
each band, are stored on the custom table n23_Custom_Float. 
The modeller function is: ($u9_Float*($n21_memory- 
$u23 Custom Float))/($u8 Custom Float*$nlO Float*$nl6  
Float)
4. File the output raster image: n l8  output filename.
Assumptions:
The assumptions made with this method are the following:- 
the darkest pixel has a radiance o f zero, 
the atmosphere is uniform,
Lambertian surfaces (the light is reflected equally in all directions), 
atmospheric transmittance is ignored between the ground and the sensor 
atmospheric transmittance is ignored between the top o f the atmosphere and 
the ground.
diffiise sky irradiance is ignored
6 - 1 0
♦ the effect o f the adjacent pixel reflectance ("Background Reflectance") is not 
treated as a separate atmospheric parameter.
♦ multiple atmosphere-ground interactions are ignored (see Figure 6-3).
The concept o f  darkest pixel method has been used to determine some o f the 
atmospheric optical properties required in other methods o f correction (Holben et 
al., 1992; Fallah et al., 1995). The development o f such methods have been 
carried out in order to  estimate the aerosol optical thickness. The radiance fi*om 
a dark target o f  known reflectance (low reflectance in the NIR) is inverted in an 
appropriate aerosol model so as to  obtain the aerosol optical thickness value for 
that surface reflectance. By using the assumption that = 0 , then the at- 
satellite radiance for the dark object is only due to  atmospheric effects. This 
technique was flrst applied over oceans using Landsat MSS (Griggs, 1975) and 
later was extended and applied by Gordon (1978) for Coastal Zone Colour 
Scanner (CZCS) data. In order to obtain the aerosol optical characteristics most 
studies have used the assumption made by Gordon (1978) for ocean applications, 
and therefore the technique is often termed the "ocean method" (Antoine and 
Morel, 1999). Gordon (1978) suggested the assumption that the water-leaving 
radiance for clear waters, at 750 nm is zero.
Assuming that water-leaving radiance for clear waters at 750 nm is zero, the 
target radiance at the sensor is due entirely to path radiance (as shown in equation 
6-4 and 6-5), so that
(6-13)
where
Z/^ (^750) is the target radiance (in this case w ater) at the sensor 
Lp (75O) is the atmospheric path radiance
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Gordon (1978) showed that the atmospheric path radiance can be separated into 
terms , due to Rayleigh scattering, and , due to aerosol (Mie) scattering:-
In terms o f their optical thickness for each wavelength, %, Lp,. and Lp^ are 
presented below:
^ ts  (^) — ^ p r  (^)) + ^ p a  a (^)) (6-15)
where
Lp^ is the Rayleigh path radiance
Lp^ is the aerosol path radiance
T,. is the Rayleigh optical thickness and,
is the aerosol optical thickness
Rayleigh scattering path radiance is well understood, and can be calculated from 
theory with sufficient accuracy. Therefore the aerosol path radiance can be 
evaluated. The estimation o f the aerosol optical thickness is made through the 
Angstrom relation which is given in equation (6-16) (Cracknell and Haynes, 
1993).
r„{X) = A .X -^  (6-16)
Where, A  and B (the so-called Angstrom exponents) are considered to be 
constants, independent o f  wavelength for a given aerosol, but different for 
different types o f  aerosol (Cracknell and Haynes, 1993). It is possible to  regard A 
and B as the two unknowns in equations (6-15) and (6-16). The aerosol path
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radiance for any other wavelength can be expressed in terms o f  the estimated 
aerosol path radiance ( ) in the NIR. Alternatively, the aerosol optical thickness
can be determined by iterative techniques (Gordon, 1978; Smith and Wilson, 
1980; Hill, 1993).
The DP method for the retrieval o f aerosol optical thickness has also been applied 
over other dark surfaces, such as inland w ater bodies (Ahern et al., 1977; Mekler 
et al., 1977; Koepke and Quenzel, 1979) and dark dense vegetation (Kaufman and 
Sendra, 1988). Clear lakes have been successfully adopted as reference targets 
for the retrieval o f aerosol optical thickness based on the Angstrom relation and 
the mathematical simulation o f the atmospheric effects. This technique is 
therefore also known as the "clear lake" image-based method (for example. Hill, 
1993).
In the case where the assumed value o f surface radiance or reflectance for the 
dark target is not zero (A ^  ^ 0 ) ,  an alternative version o f the DP algorithm has
been based on the use o f known values (or the dark object reflectance at
ground level, /? ^ )  either reported in the literature or available from ground
measurements. Then the path radiance is calculated from equation (6-5) by 
subtracting the dark object radiance, which is assumed to be known. This recent 
version o f  the DP method has been used to extract the aerosol optical thickness 
from dark scene targets, based on some non-varying known reflectance values o f 
dark targets (for example, see Teillet and Fedosejevs, 1995). I f  any ground data 
are available giving the actual reflectance o f  the dark target, then it should be used 
to obtain a better estimate o f the atmospheric path radiance for the correction 
(Teillet and Fedosejevs, 1995). Given that the DP value does not distinguish 
between dark target type and because scene content will vary considerably from 
place to  place, Teillet and Fedosejevs (1995) recommended that dark target 
reflectance o f 0.024, 0.011 and 0.009 for TM  bands 1, 2 and 3, respectively, can
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be used for this correction. These values typically correspond to  clear water and 
coniferous forest reflectance, and therefore may need to be changed for arid 
environments. Teillet and Fedosejevs noted that the two key uncertainties in such 
corrections are the assumed values o f the surface reflectances for the dark targets 
in the relevant spectral band and changes in sensor calibration over time.
In case where the selection o f the DP is taken fl"om a dark target which is also the 
target under study, a possible overestimation o f the aerosol optical depth is likely 
to  occur when the dark target approach is used in conjunction w ith atmospheric 
modelling (Fallah et al., 1997). For example, by assuming that the dark target 
radiance at ground level is zero and by finding the dark radiance at the sensor say 
38 W.m’^ .sr \|xm, then the atmospheric path radiance is also 38. However if  the 
dark target radiance at the ground level is not zero but some other value, for 
example 6 W .m '^.sf\|im '^ then the atmospheric path radiance would be assigned 
the value 30 W.m'^.sr \ | i m '\  This means that by using an o f  38 W.m'^.sr \|im '^ 
instead o f 30 W .m'^.sr'\pm'^ the resulting corrected w ater radiance at the ground 
may be not be the correct one. In addition, the dark target may not be the darkest 
in the scene in which case a possible overestimation is likely to occur. Because 
the atmospheric path radiance is related to  the aerosol optical thickness, which is 
the dominant parameter in atmospheric contribution, the aerosol optical thickness 
may be also overestimated. By using the resulting aerosol optical thickness in an 
atmospheric model, the corrected w ater radiance at the ground (corrected) may be 
assigned unreliable values.
6.1.5 The use o f darkest pixel method in atmospheric modelling
Recent w ork has used the darkest pixel method described in Section 6.1.4 (pp .l3 - 
14) to  obtain parameters for detailed atmospheric modelling. For example, Teillet 
and Fedosejevs (1995) recommended the use o f Canadian Lakes as dark targets.
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with either known or assumed reflectance, with the 6S code (see Chapter 7). 
They used the dark target algorithm in conjunction with atmospheric modelling in 
the three steps presented below:-
♦ The dark target and average background digital number from each o f  the 
Landsat TM  bands 1 to  3 were extracted (TM band 4 was not used in the 
algorithm because o f the possible contamination o f the dark DNs arising fi*om 
w ater bodies fl"om the high reflectance o f surrounding vegetated land in the 
NIR)
♦ dark target apparent reflectances and average background surface reflectances 
for TM  1, 2 and 3 were computed from the DN's.
♦ aerosol optical thickness was determined fi*om the reflectances, and then was 
subsequently used in the 6S code.
Teillet and Fedosejevs (1995) have shown that significant errors can result fi*om 
assuming that the dark object has zero reflectance, even if  the actual reflectance is 
only 0.01 or 0.02.
Chavez (1988, 1989) proposed a modification o f the darkest pixel method. 
Chavez used the darkest pixel haze value fi*om TM  1 and 2 as a starting point for 
the modified method. This DP value was used as a guide to  identify the 
approximate type o f atmospheric conditions (very clear, clear, moderate, hazy or 
very hazy atmospheres) that existed in the image, based on a scattering model (see 
Table 6-1). The Chavez's atmospheric scattering procedure is described by Milton 
(1994) using spreadsheet.
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Atmospheric condition Relative scattering model
very clear
clear r "
moderate A"'
hazy
very hazy
Table 6-1. Relative Scattering model for different atmospheric conditions 
used by Chavez (1989).
The type o f  atmospheric condition was matched with a power law model, with 
pow er values ranged from 4 for very clear to  0.5 for very hazy atmospheres. The 
values o f the relative scattering models w ere selected based on the fact that very 
clear atmospheres are characterised by Rayleigh (air molecule) scattering, 
moderate atmospheres by Rayleigh and Mie (smoke, fumes, haze) scattering, and 
very hazy atmospheres are influenced by both Rayleigh and Mie scattering but 
w ith Mie scattering being more important than in moderate atmospheres (Slater et 
ah, 1983). Based on this information and by extrapolating to  deal w ith very clear 
and very hazy atmospheres, the relative scattering models shown on Table 6-1 
were developed. A  look-up table was then used to  estimate the atmospheric path 
radiance in different bands. Chavez (1988) states that the method was developed 
for application to  images o f arid regions. Campbell (1993) explained this 
limitation on the fact that "probably higher atmospheric humidities o f  non-arid 
regions might contribute to atmospheric absorption in the near infrared region" 
(p. 183). This method is termed the improved or modified dark-object subtraction 
technique for atmospheric scattering correction (Chavez, 1988; 1989).
Gilabert et al. (1994) assumed a uniform Lambertian surface and neglected 
multiple reflections between the surface and the atmosphere. A  simple 
mathematical model (see equation 6-17) was established and was used in
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conjunction with aerosol optical thickness calculated in the various bands on the 
basis o f DNs for the darkest pixels in the blue and red bands.
For every wavelength, A,
X Tidy) t  (6-17)
Once the atmospheric path radiance had been computed from dark points, for the 
blue (TM band 1) and red bands (TM  band 3), it was possible to  compute the 
aerosol contribution to  the path radiance, , from the following equations.
Based on the DP method, Gilabert et al. (1994) assumed that for the dark points 
in TM  bands 1 and 3,
°  (6-19)
Therefore,
(6-20)
In fact, the Rayleigh contribution can be calculated from theory with sufficient 
accuracy since it is practically constant in the atmosphere. The computation o f 
the aerosol optical thickness was based on the Angstrom formula (see equation 6- 
17) and on the assumption that there is a linear dependence between the aerosol 
path radiance and the aerosol optical thickness.
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6.1.6 Review of previous studies using the darkest pixel method
This section presents a review o f the studies that have used the darkest pixel 
method. Emphasis is placed on the use and the suitability o f  DP method for the 
remote sensing o f inland w ater bodies.
Table 6-2 summarises studies that have used the DP concept for a variety o f 
goals, including the application o f  the DP method for land applications, to 
improve the accuracy o f this method and to test its accuracy by using ocean, land 
and inland w ater targets.
Some previous researchers have attempted to  assess the accuracy o f the DP 
method (Holben et ah, 1992; M oran et al., 1992). For example, M oran et al. 
(1992) evaluated several procedures including radiative transfer calculations 
(RTC) w ith simulated atmospheres and simple image-based methods such as the 
dark pixel method, by comparing surface reflectances derived from a Landsat TM 
scene. It was concluded that the DP method was the least accurate method, but it 
was found that the DP technique is appropriate for AC o f Landsat TM  band 1 
since contamination is primarily due to scattering. For Landsat TM  band 4, DP 
was found to be ill-suited since the absorption by w ater vapour has a dominant 
effect and scattering has a minor role. Indeed, M oran et al. (1992) reported that 
"darkest object subtraction and simple Rayleigh corrections produced greater 
error than no correction at all" (p. 182).
Evaluation o f the dark-object subtraction and the modified technique developed 
by Chavez (1988) was made by Campbell (1993). It was concluded that the 
choice o f minimum value affects the nature o f correctianTn the case where varied 
dark objects are available in some images r e s u l t in ^ ^  different results when the 
values o f  those objects are used as a basis for the collection. Campbell mentioned 
that the basic DP technique in some cases provide reasonable correction but in
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some others may be not be reasonable. Campbell examined the modified 
technique o f  Chavez (1988) and found that the successful application o f  this 
method depends on the accurate assessment o f the prevailing atmospheric 
conditions and the selection o f the starting value.
Dekker et al. (1995) reviewed the types o f AC methods applied for inland waters 
and found that the most commonly used method was the darkest pixel method 
(see Table 6-3). M ethods which involve the use o f  an atmospheric model were 
rarely applied. Some o f the studies that have used the DP method to remove 
atmospheric effects from satellite images, for the remote sensing o f inland waters, 
are presented in Table 6-3.
! The use o f the DP method is very doubtful since several authors report different 
results, when it is used to monitor w ater quality in inland waters. For example, 
there is evidence that this method does not improve the remotely sensed data and 
shows decreased correlations o f the DP corrected data w ith the w ater quality 
parameters (Ritchie et al., 1990; Lathrop et al., 1991). However, Ritchie et al. 
(1987) obtained improved correlation coefficients for the relationship between 
suspended sediments and radiance when they compared DP corrected and non­
corrected data..
The assumption that the water-leaving radiance is zero in the near-infi*ared is not 
valid in turbid waters, since the reflectance o f the w ater is affected by suspended 
material (MacFarlane and Robinson, 1984; Lathrop et al., 1991). Results for 
turbid coastal w ater indicate that the assumption that the water-leaving radiance is 
zero, leads to  an overestimation o f  the aerosol path radiance and to wrong results 
for the extraction o f w ater optical and physical characteristics (Sturm, 1981). 
M oreover, another factor which makes this assumption inapplicable for inland 
w ater bodies is adjacency effect fi-om the surrounding land (Kaufinan and Fraser, 
1984) especially in the N IR  (Tanre et al., 1987).
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Satellite Sensor Description Reference
Landsat MSS "Ocean Mediod" Griggs (1975)
Nimbus
CZCS
"Ocean Mediod" Gordon (1976 and 1978)
Landsat MSS Subtraction of the from the 
green and red band
MacFarlane & 
Robinson (1984)
Landsat MSS Dark target: Inland water Mekler et al. (1977)
Landsat TM searching for dark points, model of 
the atmosphere
Gilabert et al. (1984)
Landsat MSS Dark target (reservoir) in 
conjunction wifii Turner and 
Spencer (1972) model
Verdin (1985)
Landsat TM "Clear lake" technique Royer et al. (1987)
Landsat MSS, TM DP with exponential scattering 
model
Chavez (1988)
Landsat TM Dense dark vegetation dark targets Kaufinan and Sendra 
(1988)
Landsat TM "Clear lake" technique Ahem and Sirois (1989)
Landsat TM DP with exponential scattering 
model
Chavez (1989)
Landsat TM Dense dark vegetation dark targets Kaufinan (1989)
Landsat TM clear lake for TM 4, 5 Spanner et al. (1990)
Landsat TM Calculation of aerosol optical 
thickness using histogram 
minimum value and defined clear 
water targets
Hill and Sturm (1991)
Table 6-2. Summary of the published work applying the concept o f the DP 
method (continued overleaf)
6 - 2 0
AVHRR Darkest object subtraction Holben (1992)
Landsat TM Dark target: Inland water Koepke and Quenzel 
(1992)
Landsat TM comparison of darkest object 
subtraction and atmospheric 
modelling code variations with 
field data
Moran et al.{\992)
SPOTHRV& 
Landsat MS S
evaluation of the DP technique 
using image of irregular terrain in 
south-western Virginia and regions 
on south central Virginia
Campbell (1993)
Landsat TM dark lakes for reflectance 
calibration of TM data for forest 
change detection
Olsson (1995)
Landsat TM dark target, modelling code Teillet and Fedosejevs 
(1995)
Landsat TM DP with estimated transmittance Chavez (1996)
Table 6-2. Continued.
6 - 2 1
Satellite
sensor
W ater body Data
type
References
Landsat MSS Canadian Shield lakes 
(Canada)
A h sm e ta l  (1977)
Landsat MSS Flaming Gorge Reservoir 
(USA)
U Verdin (1985)
Landsat MSS Moon Lake (USA) DN, Lu, 
R
Ritchie a/. (1987)
Landsat MSS Moon Lake (USA) R Ritchie and Cooper 
(1987)
Landsat MSS Moon Lake (USA) R Ritchie and Cooper 
(1988)
Landsat MSS Moon Lake (USA) Lu,R Ritchie e/a/. (1990)
Landsat MSS Enid Reservoir (USA) Lu,R Ritchie and Cooper 
(1991)
Landsat TM Green Bay, Lake Michigan 
(USA)
R Latiirop cf flr/. (1991)
Landsat TM Green Bay, Lake 
Michigan, Yellowstone 
Lake (USA)
R Latiirop (1992)
Landsat TM Lower Thames Valley 
reservoirs (UK)
DN Hadjimitsis et al. 
(1998)
Landsat TM Bull Shoals Reservoir, 
Arkansas (USA)
DN Allee and Johnson 
(1999)
Table 6-3. Summary of published work using the DP method in the 
application of satellite remote sensing data to inland water 
quality studies since 1999.
 ^Lu is the upwelling radiance
 ^Rw is the inland water body (lake or reservoir) reflectance
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6.1.7 Application o f  the darkest pixel method to Landsat TM images o f  the Lower 
Thames Valley area
The DP correction method was applied to the twelve Landsat-5 TM  images o f the 
Low er Thames Valley area. The characteristics o f these images are presented in 
Chapter 4. The DP method has been applied to images o f the Staines area using 
the DP model constructed with the aid o f the ERDAS Imagine Spatial Modeller 
module (see Section 6.1.3 ).
For the implementation o f the DP atmospheric correction algorithm whether using 
DN or radiance and reflectance, the next step after the input raster data file have 
been selected (see Section 6.1.3) was to find the d ^ k est pixel or histogram 
minimum value o f each band in the scene. The DP model described in Section
6.1.3 gives only the minimum DN in the scene and excludes any discrepancies 
about the selection o f  the DP with confidence, which may be introduced. So it is 
preferable to use this model only when the search is applied to  a specific dark 
object e.g. the Lower Thames Valley reservoirs. In the case where the search is 
applied globally in the whole image or subset, the writer suggests the procedure 
described below to identify the suitable DP.
6.1.7.1 Suggested methodology for selecting a suitable DP.
By investigating all the histograms, statistics and contrast characteristics o f  the 
available images, the w riter introduced the following key-points which must be 
taken into account in selecting a suitable D P>
♦ size o f  the scene
W hen searching for a DP value in the whole scene, the identified minimum DP 
may be different w ith the one obtained by searching from a quadrant, or a
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smaller scene since different types o f  dark targets may exist in the whole scene 
than in a smaller scene. It has been reported by Teillet and Fedosejevs (1995) 
that working with scenes that are smaller than a quadrant scene is not 
recommended for the dark target approach.
frequency histograms
Inspection o f  the histogram distribution gives an opportunity to determine the 
quality o f  the image and the absence o f  dark values.
The frequency o f occurrence o f the DN in the image o f  the Low er Thames 
Valley area enables recommendations for the selection o f suitable darkest 
pixels in the scene. Teillet and Fedosejevs (1995) found the histogram lower 
bound in each band, for the whole scene (excluding zero-fill D N  values). They 
set up a pixel count threshold o f 1000 or more counts in order to  pick up the 
lowest histogram bin. For other scenes smaller in size than the whole scene, 
the count threshold o f 1000 must be reduced proportionally (see Table 6-4) 
(Teillet and Fedosejevs, 1995). Based on this value, proportional thresholds 
for the half, quadrant and two other sub-scenes o f 800*800 and 600*600 are 
presented in Table 6-4.
L an d sa t TM  scene size C o u n t th resho ld
whole >1000
half >500
quadrant >250
sub-scene o f 800*800 (columns * rows) > 15 (approximately)
sub-scene o f  600*600 (columns * rows) >10 (approximately)
Table 6-4. Count threshold as a criterion to choose the darkest pixel for
different size of scenes (whole scene contains > 39 xlO^ pixels; 
ground covered by whole scene is 185 x 170 km).
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The shape o f  the histogram for a scene provides evidence o f
atmospheric degradation. For example, a wide range o f  D N values in the 
histogram indicates a hazy atmosphere with bright darkest DN. However a 
narrow range o f  DN indicates a clearer atmosphere with darkest values closer 
to  zero (see example given by Campbell, 1996 p.297). The visual examination 
o f  the histogram provides a first estimate o f  the amount o f  added atmospheric 
effect, since the lowest DN value in the scene reveals the added atmospheric 
effect (see Figure 6-5). For example, the histograms for TM  band 1 o f the 
4/7/1985 (a hazy day) and o f  the 5/3/85 images are presented in Figure 6-5. It 
is apparent that a wide range o f  DN values is presented in the 4/7/85 image 
and a narrow range exists in the image acquired on 5/3/85.
the presence o f  dark targets in the scene (e.g. large water bodies),
I f  there are dark targets in the scene, especially large w ater bodies, it is more 
preferable to select a DP from those targets.
dark target radiance or reflectance values fo u n d  in the literature
The writer suggests that the histogram minimum value must be compared with 
values reported in the literature to check whether they represent a reasonable 
value from a dark target (for example for a eutrophic lake or reservoir).
the noise and  data recording errors
The DP method suffers from sensor noise (including data recording process, 
and periodic drift o f  a detector) in the data (Campbell, 1996). So, the 
computed DP may not be representative o f  the dark target for example, a 
value o f  D V  = 45 may include a value o f  5 due to noise errors and so 
D N  = 40 would be the actual dark target DN value.
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Some errors during the image acquisition are possible and some o f these are 
found in the edges and comers o f  the scene. A  quick way to recognise such 
errors is to use the Raster Attribute Editor o f Imagine 8.3.1 (see ERDAS, 
1984) in order to give a different colour for every DN in the histogram. This 
will enable the user to  see the differences in a more expressive way and the 
DN differences to  be apparent by visual examination.
♦ cloud cover
The presence o f  an extensive cloud in a known dark target in the scene may 
cause to  an overestimation o f the DP. Teillet and Fedosejevs (1995) reported 
that if  there was extensive cirms cloud in a scene, it would have been likely 
that there will still be cirms that was not visually detectable in the gaps. Under 
these conditions the dark target algorithm would not be expected to work 
well.
6.1.7.2 Searching fo r  a DP in the Landsat TM images o f Lower Thames Valley area.
Focus on the key-points described above, is noted in the application o f  the DP in 
the Low er Thames Valley Landsat TM  images. In order to avoid any 
uncertainties in the actual target reflectance retrieval, such as if  dark pixels may 
exist or not; or whether the dark pixels correspond to dark targets, a consideration 
o f the above key-points is very important. Some o f these uncertainties by finding 
the DP values are shown below, for actual satellite data, by the following ways:-
♦ Search for a darkest pixel (DP) in a quadrant (original data)
By excluding zero-fills pixels, the minimum digital number is found by 
searching the histogram minimum DN in a quadrant scene (2945 rows*3600 
columns). The quadrant scene consists o f original data, that is before
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resampling. The computed DP in DN, radiance and reflectance are shown in 
Appendix 10.
♦ Search for a DP in a sub-scene (original data)
The histogram minimum was calculated in a sub-scene o f  smaller size than the 
quadrant (approximately 800 columns * 800 columns). The computed 
minimum or darkest values, from the sub-scene, in DN, radiance and 
reflectance are shown in Appendix 10.
♦ Search for DP from  a resampled sub-scene
The histogram minimum was calculated in a sub-scene o f  the same size as 
above but now with the only difference that is a resampled image (see 
Appendix 10)
♦ Search for DP from the masked images o f Lower Thames Valley reservoirs
The use o f dark targets w ith known or assumed surface reflectance in the 
scene is the task o f this case. The Lower Thames Valley reservoirs were used 
as the dark targets o f  this study. The calculation o f the minimum value was 
made for the whole reservoir system, after the land had been masked so that 
only reservoir w aters appeared in the scene. The minimum DN, radiance and 
reflectance values resulting fi*om this application are shown in Appendix 10.
In the cases where the DP or minimum value was given in radiance and 
reflectance, the image data must first be calibrated and then converted to 
"apparent reflectances" at the sensor (see equation 6-1).
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The DP model described in Section 6.1.3 gives the minimum D N  in every band by 
excluding zero-fills values without considering any other values that are not 
relevant w ith the image. So a considerable care is required in the cases where 
errors may be introduced. The visual examination o f the DN (by assigning every 
DN with different colour) in conjunction with the histogram plots o f  every scene 
are the only tools used to pick up the suitable DP. The minimum D N values from 
the four different sources are presented in Appendix 10. For each source o f 
search, for every initial found jftom the DP model, a recommended
for every image is presented graphically (see Figure 6-6 to  Figure 6-10) .
Be Examining the w ithout thorough a considerable care, it is noticeable
that if  the values result from the DP model are used, some unreliable and 
overestimated values will be found (see Appendix 10). This can be shown from 
Figure 6-9. Figure 6-9 shows a plot o f the darkest pixels for all the TM  1 images 
extracted from a quadrant image and sub-scene.
The minimum digital numbers found for the quadrant image 17/5/85 (original 
data), for the TM  bands 1 to 4 were equal to = 1 ,2 ,3 ,4  respectively.
However, by searching to a sub-scene o f smaller size than a quadrant (800*800), 
extremely higher values were found i.e. = 77 ,27 ,20 ,14  (see Figure 6-9). 
This difference is due to errors during detector recording resulting in missing or 
low recorded values. In the very low DN can be eliminated only by averaging the 
neighbourhood pixels. By visual examination o f  the pixels for which 
= 1 ,2 ,3 ,4  for the TM bands 1, 2 ,3 and 4 using the raster attributes tools 
o f Imagine 8.3, m ost o f  these values were found in the edges o f  the scene. This 
visual examination was carried out for all the other DN values >1 for TM  band 1; 
>2 for TM  band 2; > 3 for TM band 3; and > 4 for TM  band 4. It was found that 
for band TM  1 bands 2, 3, 4, D N values between 1 to 76, 2-26, 3-19, 4-13 
respectively were appeared at the edges o f the scene. From  visual examination
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and histograms examination, the w riter recommends DP values (termed by the 
w riter as recommended DP values) which are assigned values o f 77, 27, 20, 14 for 
the 17/5/85 quadrant scene (see Appendix 10). A  similar approach was followed 
for all o f the other images in order to recommend the suitable histogram minimum 
values (see Appendix 10).
W hen searching for dark pixels in a quadrant or sub-scene o f  800*800 (rows * 
columns) it is more likely to find some darker pixels than the defined dark objects 
(e.g. Low er Thames Valley reservoirs). For example, for the image acquired on 
2/6/85, the w riter recommended that the darkest pixel {D P  ) in TM  band 1 for a 
quadrant and sub-scene, to assign a D N  = 25 (in the middle o f  concrete runways 
o f Heathrow Airport) and for the masked image to assign a D N  = 56 (see Table 
6-5). Similarly, for the 4/7/1985, DN^:^ = 81  for the quadrant and the sub-scene, 
but D N ^^  = 9 1  for the masked Lower Thames Valley reservoirs image. This 
would result in subtracting a lower number for the case w here the DP is found 
from a quadrant than fi*om the sub-scene and masked image. The smaller the area 
o f  interest the better is to use the DP as the appropriate tool for retrieving the 
atmospheric path radiance, bearing in mind that the atmospheric effects changes 
firom place to place. Therefore considerable care is required in the selection o f 
suitable dark pixels to  avoid any overestimation o f  atmospheric scattering term.
Im age date; 2/6/85 TM 1 TM2 Tivrs TM4
DVmin for a quadrant and sub-scene 25 2 1 1
DVjnin fi*om masked image 56 16 18 1
T able 6-5. D ifferences betw een the  found for a q u a d ra n t an d  sub ­
scene and  m asked im age o f Low er Tham es Valley reservoirs for 
2/6/85
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For the image acquired on 2/6/85, some o f the values with very low frequency (f) 
o f occurrence, f<2 in the TM  bands 1, 2 and 3; and high frequency o f  occurrence 
o f up to 267 are not appeared in the edges o f the scene as happened with other 
images, but somewhere in the image. M ost o f  the low value pixels both with low 
and high frequency o f  occurrence appeared somewhere near the concrete runways 
o f Heathrow airport. This makes the situation more difficult since some o f these 
pixels may correspond to  genuine dark object and any exclusion may give an 
overestimate value o f  the atmospheric haze. The histogram minimum values for 
this image come from different locations in TM bands 1, 2, 3 and 4 and they have 
different DN values (see Table 6-6). The very low value occurred for a darkest 
pixel extracted from the sub-scene = 1 (2/6/85) for TM  band 4 is-.e?rtremely 
low and when = 1 is converted to radiance, this pixel may assign a
negative value o f radiance. Therefore, this low value may be due to sensor 
calibration problems.
Minimum DN for TM 1, 2 ,3  and 4 for the image acquired on 2/6/85
DN DN DN DN
T M l 25 (f=l) 31 56 84
TM 2 0 2(f^2) 16 31
TM 3 0 0 l( f^ l) 28
TM 4 84 55 108 1 (f=267)
where, f  = frequency
Table 6-6. Histogram minimum DN for the resampled (sub-scene) image 
acquired on 2/6/85
Two possible ways may be used to provide evidence on the selection o f  a . 
Firstly, one can use the count threshold given in Table 6-4. The count threshold 
criterion is given by Teillet and Fedosejevs (1995) for a whole scene (which is 
approximately up to  39x10^ pixels) as f^lOOO. Proportionally, for a sub-scene o f 
800*800, the frequency threshold is approximately equal to 15. The frequency o f 
the minimum DN values is f= l for TM  band 1, TM band 3, and f=2 for TM  band
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2. According to this criterion these must not be selected since their
frequency is less than 15. However, the = 5 6  for TM  band 1 , extracted
from the masked image (2/6/85) o f  Lower Thames Valley reservoirs has a 
frequency o f  f=8 which is also less then f=15. Therefore, this threshold count 
cannot be used in this case.
Secondly, one can use ground information about the type o f  object that 
corresponds to the identified minimum DN. This is difficult in the case where 
there is no access to the site. In addition, images may not be recent and any 
information extracted from a map or other source may not valid, especially where 
there is a change o f land use. In this case, it is better to try both values (DN=25 
and 56) for removing the atmospheric effects for the 2/6/85 image. Then by 
comparing the reflectance o f reservoir w ater after correction with some other 
results either using the in-situ data or with the results found in the other correction 
methods, a judgement can be used to check the performance o f  both values. From 
the inspection o f  histograms, it was found that a value o f DN=45 may be a 
suitable histogram minimum value. By comparing the reflectance values using 
DN=56 (extracted from the masked reservoirs images), it was found that there 
was a general agreement with the range o f ground measurements (see Chapter 10, 
Figure 10-4, p. 10-59), however w ith DN=25 and DN=47, a not sufficient 
correction was performed. Therefore, one again the importance o f determining 
the darkest pixels from present dark objects in the scene, such as large w ater 
reservoirs, is highlighted.
The from a sub-scene containing original data and that from a resampled 
are very similar, and any small differences is can be attributed to  nearest neighbour 
resampling.
The presence o f large w ater bodies in the masked image o f reservoirs enable to 
extract the D P  values w ith more confidence. By comparing the values
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extracted from the masked images (in which only reservoirs appeared in the scene) 
o f Low er Thames Valley reservoirs, it is apparent that are very closed to
those recommended by the w riter for use in the quadrant image. Differences are 
observed only for the images acquired on 4/7/85 and 2/6/85 (see Appendix 10) in 
which possible sensor recording defects may be occurred.
It is useful to  present some other extracted from other reservoirs or large 
w ater bodies. In the following section, some o f the values used or
reported from other studies are presented below.
An example o f the use o f  a w ater reservoir as an ideal dark target is the case 
described by Schowenderdt (1997). The Briones Reservoir, California was used, 
as a dark target to remove the atmospheric effects for a Landsat TM  image, 
acquired on 25th o f October, 1984 (with a solar zenith angle o f 55°). This scene 
contained two large reservoirs surrounded by vegetated and bare soil terrain. By 
averaging the DP in the reservoir, the following minimum DN w ere extracted
♦ T M B a n d l :  D V ^ ^ = 5 3
♦ T M B a n d 2 :  = 2 0
4 T M B a n d 3 :  =11
♦ TM  Band 4: = 14
By simply subtracting these DN values for every pixel in the corresponding band, 
the atmospheric path scattering was removed
Switzer et al. (1981) applied the histogram minimum method to compare the 
values o f the atmospheric additive term  in DN found from the covariance matrix 
method (see Section 6.2). They found the f o l l o w i n g f o r  a large and deep 
lake:-
♦ MSS Band 1: = 17
4 MSS Band 2: = 7
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4 MSS Band 3:
4 MSS Band 4: DN^- = 0
Jensen (1996) used the following D N ^ , corresponding to  deep water, to remove 
the atmospheric scattering from six bands o f  a Charleston, South California. TM 
scene:-
T M B a n d l :  =53
T M B a n d 2 :  D N ^ ^ = \ 1  
TM  Band 3: = 14
T M B a n d 4 :  = 4
T M B a n d 5 :  = 0
TM  Band 7: = 0
Royer et al. (1987) used clear lakes as dark targets in order to  estimate the 
atmospheric path radiance and compare the radiometric differences between 
Landsat -5 TM  and MSS sensors. From the eleven test sites that he used, four 
were w ater bodies. Royer et al. (1987) give some w ater reflectance values, before 
and after correction. These values are shown in Table 6-7.
Band TM band I T M b a iid 2 T M b a n d S TM band 4
W ater area Reflectance: ^*at-satellite** (corrected)
Achigan Lake 0.108 0.072 0.051 0.059
(0.033) (0.025) (0.014) (0.0)
St Lawrence River 0.127 0.095 0.063 0.047
(0.067) (0.060) 0.031) (0.011)
Deux Montagnes Lake 0.118 0.081 0.060 0.050
(0.047) (0.037) (0.022) (0.0)
St Louis Lake 0.124 0.091 0.062 0.049
(0.061) (0.052) (0.028) (0.0)
Table 6-7. M ean ”at-satellite ’’ and atmospheric corrected reflectances for 
four water bodies used by Royer et a l (1987) (in brackets, data 
after AC)
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Correction to the Landsat TM images o f Lower Thames Valley reservoirs 
The DP correction algorithm was applied to  the Landsat images o f  the Lower 
Thames Valley area, using the histogram minimum values computed from the 
masked images o f Staines reservoirs since as mentioned before the are
very close with the Recommended by the writer^ values for the quadrant and sub­
scene. Only for the images acquired on 2/6/85 and 4/7/85 both extracted 
from the masked and quadrant (sub-scene has the same value as the quadrant), 
w ere used and tested. A  summarised list o f  the darkest pixels used in the 
correction o f every image is shown in Table 6-8.
Using the histogram minimum value in radiance extracted only from the w ater 
reservoirs, the retrieval o f the corrected target reflectance at the ground level 
(Ptg) was done. The area o f  interests (AOI's) shown in Figure 4-39 (Chapter 4)
for all the reservoirs are used. Summary statistics o f the available images, before 
and after the correction are given in terms o f reflectance in Appendix 10. Since 
the field spectral data o f the Lower Thames Valley reservoirs are available only in 
reflectance, it was decided to use the same parameter throughout for comparison.
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Image date Parameter Parameters iit Landsat TM bands Î, 2» 3 and 4.
T M l TM 2 TM 3 TM 4
12-4-84 DNmin 55 18 13 8
Lds 38.66 22.58 12.43 5.14
Pts 0.0921 0.0569 0.0368 0.0226
5-3-85 DNmin 42 13 10 6
Lds 29.20 15.66 9.12 3.37
Pts 0.0975 0.0577 0.0395 0.0217
17-5-85 DNmin 77 27 20 14
Lds 54.65 35.05 20.14 10.45
Pts 0.1123 0.0735 0.0496 0.0383
2-6-85 DNmin 56(47) 16(2) 8(P) 1(1)
Lds 39.38 (32.83) 19.81 (0.43) 6.92 (-0.795) -1.06
Pts 0.079 (0.065) 0.0401 (0.0009) 0.0165 (-0.002) -0.004
4-7-85 DNmin 91 (81) 36 (32) 31 (28) 31 (29)
Lds 64.83 (57.56) 47.51 (41.97) 37.27 (28.96) 25.49 (23.72)
Pts 0.1312 (0.116) 0.0963 (0.085) 0.0768 (0.069) 0.0903 (0.084)
29-9-85 DNmin 54 (50) 18 (18) 15 (14) 9(9)
Lds 37.93 (35.019) 22.58 14.63 (13.53) 6.02
Pts 0.1141 0.0726 0.0552 (0.0511) 0.0338
8-10-85 DNmin 43 13 10 7
Lds 29.93 15.66 9.12 4.25
Pts 0.0983 0.0555 0.0380 0.0263
24-10-85 DNmin 36 12 9 5
Lds 24.84 14.27 8.02 2.48
Pts 0.0980 0.0619 0.0408 0.0188
9-11-85 PP^min 34 10 7 4
Lds 23.39 11.50 5.82 1.60
Pts 0.1142 0.0627 0.0372 0.0152
13-2-86 DNmin 46 14 11 6
Lds 32.11 17.04 10.23 3.37
Pts 0.1425 0.0850 0.0599 0.0293
8-3-86 DNmin 50 16 12 7
Lds 35.02 19.81 11.33 4.25
Pts 0.1144 0.0712 0.0478 0.0267
28-6-86 DNmin 86 32 26 19
Lds 61.19 41.97 26.76 14.87
Pts 0.1241 0.0853 0.0639 0.0528
-Values in brackets were those that there was uncertainty to define a DP in that image;
-Lds is the dark target radiance at the sensor and is given in units ofW.m'^.sr'\pm'^ (by multiplying
with the bandwidth in pm, the Z,* can be found in W.m .sr ;
-P ts  is the "at-satellite" dark target reflectance (no units).
Table 6-8. Deduced darkest pixels for the Landsat TM  images o f Lower Thames 
Valley reservoirs.
 ^Possible sensor scanning defect
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6.2 Covariance matrix method
The covariance matrix method (CMM) was first developed by Switzer et al. 
(1981) for estimating the additive atmospheric effect in remote sensing data from 
the data itself. CMM is an extension o f  Chavez's regression technique (Chavez, 
1975) and examines the interrelationships between spectral bands,
6.2.1 Concept
The CMM technique uses the statistical relationship between all the selected bands 
o f  a satellite sensor simultaneously, rather than one at a time as in the regression 
method (see Section 6.3) (Switzer et al., 1981). It examines the set o f  variances 
and covariances between all band pairs in the image data and CMM provides an 
average pixel correction for a specified part o f a satellite image. It is also called as 
principal component model (Crippen, 1987). The axes o f the «-spectral space are 
rotated and a new axis, termed the principal component in the spectral space is 
defined, and is positioned to minimise the squared distances between the line and 
the data points (Crippen, 1987). This new axis measures the maximum variation 
within the data (i.e. the maximum variance). In simple terms, CMM is the scatter 
plot o f more than two parameters (as in the regression) in «-dimensional space 
(where « is the number o f parameters) It is the «-dimensional extension o f the 
regression method which is discussed in Section 6.3 (Crippen, 1987).
The CMM technique uses data from a test area that has homogeneous reflectance 
properties (Switzer et al., 1981). It is necessary to know a priori a value for the 
atmospheric path radiance on one spectral band. From this, CMM enables the 
estimation o f  the atmospheric path radiances in all the other bands. For example, 
Switzer et a/. (1981) assume that the atmospheric path radiance in band 4 (band 7 
for Landsat-1 M SS) is zero for specified areas in the scene, in order to calculate
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the atmospheric path radiance for the other three MSS bands. Dark pixels must 
be present in the CMM technique (Mather, 1987).
6.2.2 CMMprocedure
Switzer et al. (1981) describe and develop the CMM for estimating the 
atmospheric path radiance. They described the radiance measured by a satellite 
sensor in the model form given below. The notation o f  the parameters involved in 
the derivation o f  the covariance matrix method is given in the common 
mathematical form (e.g. y  = c .x -\-d ), used to describe the equation o f  a straight 
line.
y  y g,y (6-21)
where
Tÿ is the measured radiance at the sensor for pixel i in spectral band j
c. is an unknown multiplier and represents variations in slope due to
topographic effects.
Xy combines the target reflectance, total (global) radiance reaching the
target and atmospheric transmittance (see equation (6-22)
d j is the atmospheric path radiance ( )
gÿ describes diffuse solar irradiance, variations in reflectance within the
test area.
The X,y term at pixel i in spectral band j  consists o f  the following parameters 
(Mather, 1987):
(6-221
;
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For every spectral band, j ,
T(^v) T is the atmospheric transmittance between ground and the sensor
E q is the global irradiance reaching the target
is the target reflectance at ground level o f the pixel i
Switzer et al. (1981) assume that the surface reflectance is approximately constant 
over all pixels for each spectral band, in a small homogeneous area i.e./?^ =
and therefore Xy = X j . Therefore, equation (6-21) is w ritten as:
Ty = + d j  + ey (6-23)
By assuming that e^is negligible small and by specifying a value a  priori for the
path radiance on one spectral band, unique estimates for the path radiances can be 
obtained in the other bands. These estimates are found by applying the method o f 
least squares. The sum o f the squares o f the distances o f any value is minimum
The correction procedure is summarised by M ather (1987, 1991; p. 146-147), in 
four steps. Switzer et al. (1981) and M ather (1987, 1991) refer to the use o f 
CMM for the four Landsat MSS bands. Here, however, the method is used fi*om 
the author for the Landsat TM  bands 1 , 2 ,3  and 4.
1) Compute S, the covariance matrix o f  the DN's. S  will be a symmetric matrix 
with four rows and four columns. The elements o f  S  are computed from
the relationship
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where
k  is the number o f variables or spectral bands 
n  is the number o f  pixels in the test area
2) Find the eigenvectors o f  S. The eigenvector represents the direct solar 
irradiance term  X j. In case whether the spectral bands are not correlated (i.e.
the off-diagonal terms o f  S  are zero) then the method will not work. This is 
rather unlikely to occur, however (Mather, 1987).
3) Estimate the path radiance ( d ^  for TM  4. Switzer et al. (1981) assumed that 
<7^  (band 4 for Landsat-4 M SS) is zero where dark pixels are present. They 
also used a value o f  D N  = 5 in the MSS band 4 (0.8-1.1 pm) for forested 
areas in eastern Pennsylvania and N ew  Guinea. By knowing the value o f d ^,
then the average c o f c. can be calculated using the following equation.
-  ^  (^4 - d . )  (6-25)
^4
represents the fourth element o f  the all-positive eigenvector o f  S found at 
step 2.
4) By estimating the d^ and c , then the path radiance terms d^ for the other four 
Landsat TM  spectral bands (7  = 1,2 ,3 ,4  can be estimated).
dj =y j - c . Xj  (6-26)
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The same procedure is used when six Landsat TM  bands (TM  bands 1 ,2 ,  3, 4, 5 
and 7) w ere used simultaneously (excluding thermal band), w ith = 0  (TM  band 
7) for dark areas.
Covariance matrix method using DN
For the determination o f the atmospheric additive term  { d j )  Switzer et al. (1981)
and Kowalik et al. (1983) used DN. In order to find the covariance matrix, the 
eigenvector matrix and therefore the atmospheric additive term, dj ,  in DN  the
following steps were needed to carried out:-
♦ Select input raster data file
♦ Choose an area o f interest (AOl) using seed properties
♦ M ask the selected A Ol and calculate the average DN in every band
♦ Calculate the covariance matrix and eigenvector matrix using principal 
component model (Output: covariance matrix, eigen matrix).
♦ Choose the all-positive eigenvector and follow the procedure described above 
in pages 6-38 and 6-39.
Then the calculated, dj in DN can be easily converted to  radiance using equation 
(4-1) (see Chapter 4). The covariance matrix method calculates only the 
atmospheric path radiance, which can be used as an input param eter in 
atmospheric model (see for example, Kowalik et al., 1983). It can be used also in 
conjunction with equation (6-27) in order to  retrieve the target reflectance at 
ground level in the case where the atmospheric trasmittances (between the top o f 
the atmosphere to the ground and from ground to the sensor) and the diffused sky 
irradiance are ignored
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K - 4 )  (6-27)
E„.cos{6„).d
6.2.3 Review o f previous studies using Covariance Matrix Method
This section presents a review o f the studies that have used or applied the 
covariance matrix m e th o d .
Switzer et al. (1981) provides examples o f the use o f the CM M  technique in 
different test areas in W estern Nevada, Pennsylvania and N ew  Guinea . They 
assumed that atmospheric path radiance in Band MSS 7 (now Band 4) was zero 
for dark objects. Switzer et al. (1981) used also a value o f DN=5 for the additive 
atmospheric term  to the mountainous forests o f  New Guinea. They compared the 
results obtained from the CMM against those found by using the regression 
method (RM) (see Section 6.3) and the DP method (see Section 6.1). DP was 
applied in tw o ways; firstly, the DP was found locally and secondly from the 
whole scene. DP was applied locally in order to demonstrate the results o f  CMM 
and RM  are different from the local DP estimates. Switzer et al. concluded that 
the results obtained from the CMM and regression method w ere very similar and 
both methods are preferable to the DP method. However, the results obtained 
from the DP method were not locally applicable for the efficient removal o f  
topographic effects by ratioing. Switzer et a/. (1981) highlight the potential o f  the 
CMM and RM  for providing spatially varying estimates o f the atmospheric path 
radiance. However, the CMM cannot be applied to a test area unless the test area 
is homogeneous relative to the field o f  view o f the satellite sensor. The method 
assumes also that variability in DN's o f the test area is not due to spatial variation 
within the test area but due to surface orientation effects.
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Kowalik et al. (1983) used the covariance matrix method to estimate the 
atmospheric path radiance to Landsat MSS images o f W estern Nevada. They 
used the estimated value o f  the atmospheric path radiance as an input parameter to 
an atmospheric model. Kowalik et al. (1983) found that the atmospheric path 
radiance correction improves the classification rate in the discrimination o f 
minerals and produces ratio values which are more directly related to the surface 
reflectance characteristics
Crippen (1987) used the covariance matrix method in order to assess the accuracy 
o f the regression intersection method (RIM) (see Section 6.4)). Crippen used the 
RIM  results as the assumed correction value input to CMM and RM. The CMM 
and RM  results were similar so the RIM  has been judged to be accurate for the 
image under investigation. By using also the assumption that for MSS band 6 
(now band 3) the w ater reflectance and the haze are negligible, Crippen found that 
the MSS band 7 (now band 4) distribution shows certain saturation at zero value 
since the radiance correction using CMM, RM  and RIM  was negative.
Kondratyev et al. (1992) reported the potential o f  the covariance matrix technique 
as an alternative approach to the determination o f  atmospheric parameters from 
remote sensing data. They mentioned also the advantage o f this method since no 
additional information is required in order for the technique to be applied.
M ather (1987, 1991) mentioned that the covariance matrix technique does not 
provide a pixel-by-pixel correction and the additive effects is applied to all pixels 
in a given region o f  the image. M ather also noted that CMM does not take into 
account variations in atmospheric conditions over the image and the contribution 
o f  the adjacent areas to the at-satellite radiance is ignored.
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6.2.4 Application o f CMM to Landsat TM images of Lower Thames Valley reservoirs
The covariance matrix method was applied to the Landsat-5 TM  images o f the 
Staines area (Hadjimitsis et al., 1999a). After the land has been masked so that 
only the selected reservoirs appeared in the scene, the average o f  the all the water 
DN's has been calculated.
The following three assumptions have been used in order to  find which o f the 
assumptions give more reliable and satisfactory results:
♦ Assumption 1: The atmospheric haze in the Landsat TM  M IR (TM 5 and TM 
7) is assumed to be minor (Crippen, 1987). Scattering affects shorter 
wavelengths than the longer wavelengths, so the atmospheric path term  (DN or 
radiance) is equal to zero.
♦ Assumption 2: The target radiance o f the dark area in the Landsat TM  M IR is 
assumed to  be zero and therefore the atmospheric path term  (DN or radiance) 
in the M IR  is equal to the at-sensor radiance or DN. The principle o f the DP 
method is applied and the darkest pixel in TM  band 7, from the whole reservoir 
system has been assumed to represent the atmospheric additive effect.
♦ Assumption 3: As for assumption 2, but here the darkest pixel in TM  band 4 
(which approximately matches MSS 4) was assumed to represent the 
atmospheric additive effect.
Estimates o f  the atmospheric additive term  in DN and units o f radiance for the 
above three assumptions are presented in Tables 6-9 to 6-13. It was found that all 
the assumptions produced very similar estimates o f the atmospheric path radiance 
in TM  bands 1 , 2 , 3 .  For TM band 4, the estimates o f the additive effect for 
assumptions 1 and 2 were completely different from those found when assumption
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3 was used. The only significant differences produced by the three assumptions 
occurred for the image acquired on 4/7/85 (a very cloudy image), especially in TM 
bands 1, 2, 3. Estimates o f  the atmospheric path radiance fi*om the first 
assumption showed many negative (off-scale) values in TM  band 5. However, 
this was not observed on a systematic basis when assumptions 2 and 3 w ere used.
All the estimates o f the DN additive values were converted to atmospheric path 
radiance. Then, by ignoring the diffuse sky irradiance, the sun-target and target­
sensor atmospheric transmittance terms, the corrected target reflectance at ground 
level (corrected reflectance) was calculated using equation (6-11). The at-satellite 
and retrieved corrected reflectance values for an AOl in the Queen M ary reservoir 
and the comparison with the ground measurements is presented in Chapter 10.
6-44
Im age date Estimates o f the atmospheric additive term, dj in DN and 
radiance Lp (W/mVsr/pm)
T M l T M 2 T M 3 T M 4 T M 5 T M 7
5-3-85 46 4 
[32.40]
14.9
[18.29]
10.3
[9.45]
0.5
[-0.01]
-5 6 (0)
2-6-85 67.8
[47.96]
20.9
[26.60]
15.4
[15.07]
-7.6
[-8.67]
-6.4 (0)
4-7-85 56
[39.38]
17.1
[21.34]
9.3
[8.35]
23
[18.41]
9.3 (0)
29-9-85 61.2
[43.16]
21.5
[27.13]
16.4
[16.18]
5.9
[3.28]
-2.7 (0)
8-10-85 42.2
[29.35]
13
[15.66]
8.2
[7.14]
2.6
[0.36]
-1.7 (0)
24-10-85 3 3 j
[23.24]
9.9
[11.36]
5.9
[4.60]
2.9
[0.63]
-1.1 (0)
9-11-85 3Z9
[22.58]
9.4
[10.67]
6.3
[5.04]
-L4
[-3.18]
-1.9 (0)
13-2-86 41.6
[28.91]
12.3
[14.69]
6.7
[5.49]
-1.5
[-3.27]
-1.9 (0)
8-3-86 52L6
[36.91]
17.7
[22.17]
13.1
[12.54]
5.1
[2.57]
-2.1 (0)
28-6-86 96.7
[68.97]
34.6
[45.58]
28
[28.96]
12.3
[8.94]
-2.5 (0)
Table 6-9. Estimates o f the atmospheric additive term for Landsat-5 TM  
images of the Heathrow area (assumption 1). Values marked 
( ) are assumed. Radiance values are indicated [ ].
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Image date Estimates of the atmospheric additive term, dj in DN and 
radiance Lp (W/mVsr/pm)
T M l T M 2 T M 3 T M 4 T M 5 T M 7
5-3-85 47
[32.84]
15
[18.43]
11
[10.23]
2.8
[0.54]
-2.9 (1)
2-6-85 68.1
[48.18]
21.4
[27.29]
15.8
[15.51]
-1.8
[-3.54]
-2.7 (1)
4-7-85 84
[59.74]
31.7
[41.56
2&6
[27.42]
33.4
[27.62]
23.2 (9)
29-9-85 62.1
[43.82]
222
[28.40]
17.5
[17.40]
9.1
[6.11]
2.4 ■ (2)
8-10-85 45.2
[31.53]
14.7
[18.01]
10.3
[9.45]
5.4
[2.84]
2.2 (2)
24-10-85 38.6
[26.73]
12.4
[14.83]
8.8
[7.80]
5.6
[3.01]
2.65 (2)
9-11-85 34.7
[23.89]
10.5
[12.19]
7.5
[6.37]
0.3
[-1.68]
0.13 (1)
13-2-86 44.9
[31.31]
14.2
[17.31]
9.4
[8.46]
1.8
[-0.35]
0.2 (1)
8-3-86 53.2
[37.35]
18.1
[22.72]
13.8
[13.31]
6.2
[3.54]
0.03 (1)
28-6-86 98
[69.92]
35.6
[46.96]
299
[31.05]
19
[14.87]
7 (4)
Table 6-10. Estimates o f the atmospheric additive term for Landsat-5 TM  
images o f the Heathrow area (assumption 2). Values marked 
( ) are assumed. Radiance values are indicated [ ].
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Image date Estimates o f  the atmospheric additive term, dj in DN 
and radiance |Lp] (\V/m2/si7pm)
T M l T M 2 T M 3 T M 4
12-4-34 61.90 20.87 15.97 8
[43.67] [26.56] [15.70] [5.14]
5-3-85 48.04 15.78 12.16 6
[33.59] [19.50] [11.50] [3.37]
17-5-85 68.76 25.43 22.73 14
[48.65] [32.87] [23.15] [10.45]
2-6-85 69.98 24.06 18.05 1
[49.54] [30.97] [18] [-1.03]
4-7-85 73.86 26.56 20.63 3
[52.36] [34.43] [20.84] [27.62]
29-9-85 62.67 22.66 18.30 9
[44.23] [29.03] [18.26] [6.02]
0-10-35 46.67 15.50 11.30 7
[32.45] [19.12] [10.55] [4.25]
24-10-85 35 12.4 8.8 5
[24.11] [12.48] [5.66] [2.48]
9-11-85 34.7 10.5 7.5 4
[23.89] [12.19] [6.37] []
13-2-86 48.03 16.06 12.25 6
[33.58] [19.89] [11.60] [3.37]
8-3-86 53.32 18.27 14.14 7.0
[37.35] [22.72] [13.68] [4.25]
28-6-86 97.92 35.97 29.74 19
[69.85] [47.47] [30.87] [14.87]
Table 6-11. Estimates o f the atmospheric additive term for Landsat-5 TM  
images of the Heathrow area (assumption 3). Values marked 
( ) are assumed. Radiance values are indicated [ ].
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6.3 Regression method
The regression method (RM) is image-based atmospheric correction which 
determines a "best fit" line for multi-spectral plots o f pixels within homogeneous 
cover types (Chavez, 1975; Potter and Mendlowitz, 1975; Switzer et a l ,  1981; 
Crippen, 1987; Mather, 1991).
6.3.1 Concept
The regression method determines regression lines for two spectral plots o f  pixels 
o f uniform surface area. The slope o f  the plot is proportional to the ratio o f the 
reflective material in the two spectral bands (Crippen, 1987). In the case where 
the radiance values are calibrated such that zero represents zero illumination then 
the plot will pass through the origin o f the graph (Crippen, 1987). However, in 
the case where atmospheric components are added to  the radiance values, the plot 
shifts and is unlikely to pass through the origin. Intercept or shift value is the 
atmospheric path radiance. RM  is a fully image-based technique and is applicable 
to areas that have dark pixels (large w ater bodies, shadows) whose reflectance is 
very low in the N IR  region (Mather, 1991). By plotting the pixel values in the 
N IR  region against the values in the other bands in turn, a best-fit line is 
determined using regression method. The offset on the N IR  (MSS band 4) band 
axis represents an estimate o f  the atmospheric path radiance term  for the any 
band (for example, MSS bands 1, 2 and 3) which is regressed against N IR  
(Mather, 1987; 1991). The procedure assumes that within a specified image 
region, variations in DN are due to topographic irregularities and the reflectivity is 
constant for the particular band and region. Switzer et a l  (1981) assumed that 
the atmospheric path radiance is zero in the MSS band 4 where dark areas are 
present in order to apply the RM. In the case where the correction value o f  one 
band can be calculated by an independent method or using auxiliary data, the
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method works well (Crippen, 1987) but then RM  is not being used as a fully 
image-based technique. In some cases, auxiliary data are not available and the use 
o f  dark pixels is the only mean by which the RM  technique can be applied.
6.3.2 Im plem entation o f  regression m ethod to m ulti-spectral data
The basic equation that implies on the regression method is based on the least 
square analysis
(6-28)y  = k .x  + d
y  dependent variable
X independent variable
k  slope
d  intercept
The regression method for estimating the atmospheric term for Landsat-2 MSS 
uses a regression o f  the DN data in each band (MSS bands 4, 5, 6; now called as 
MSS bands 1, 2, 3) against MSS band 7 (now MSS band 4) (Chavez, 1975, 
Switzer et al. 1981). The Y-intercept o f  the regression equations provide an 
estimate o f the atmospheric term  in the other bands since the spectral data o f  the 
Landsat MSS bands are highly correlated. In this case the long-wavelength band 
(e.g. MSS 4) is the independent parameter; the short-wavelength band (e.g. MSS 
band 1) is the dependent parameter (see Figure 6-11 a); and the intercept is the 
required atmospheric term  for that band (MSS band 1).
M ather (1987) suggested the application o f RM  in dark areas by using the MSS 
band 4 as a dependent variable and the MSS bands 1, 2 and 3 as independent 
variables. The intercept (offset on the %-axis, MSS bands 1, 2 and 3) represents
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an estimate o f  the atmospheric path radiance term for that band (see Figure 6- 
11b).
Crippen (1987) reported that when the linear regression model is used with long- 
wavelength band as the independent variable, the correction estimates are 
consistently too high.
6.3.3 Application o f RM to Landsat TM images o f  Lower Thames Valley reservoirs.
The Regression method was applied to the Landsat-5 TM  images o f the Staines 
area. After the land has been masked so that only the reservoirs appeared in the 
scene, an A O l was selected. A  linear regression was performed using statistical 
packages (SPSS 8 and Easy Plot). In the literature, it was found that the RM  
was applied in MSS bands w ith MSS band 4 (0.8-1.1 jim) being used as the basis 
for correction. The TM  band that approximately corresponds to  MSS band 4 
(NIR) is TM  band 4 (0.76-0.90p.m). An attempt was made to  use the TM  bands 
5 or 7 instead o f TM band 4, but the correlation achieved between the bands 
pairs was very low. Using the TM band 4 as an independent variable (%-axis) the 
following pairs were used with the regression method:-
♦ TM  1 band (DN) against TM  band 4 (DN)
♦ TM  2 band (DN) against TM band 4 (DN)
♦ TM  3 band (DN) against TM band 4 (DN)
It is important to  mention that the correlation coefficient (r^) for the above pairs 
w ^  ranged from 0.4 (for 12/4/84 TM  bandl against TM 4) to 0.8 (for 24/10/85 ^
TM  band 3 against TM 4). This indicates the poor applicability o f  RM  to 
reservoirs using Landsat TM. Results from this application w ere extracted in 
order to see the range o f estimates for the atmospheric additive term. These 
results are presented in Table 6-12. Table 6-12 shows also the results obtained
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by using the CMM for the first four TM  bands instead o f using six bands as it 
was used in Section 6.2 in Assumption 1 and the results obtained using the DP 
method (see Section 6.1) (Hadjimitisis et al., 1998). Figure 6-12 shows the 
graphical presentation o f Table 6-12. An assessment o f the RM  results is 
presented in Chapter 10.
Image date Band Estimates of the additive atmospheric effects {dj) in 
terms of DN*s
RM CMM DP
12-4-84 T M l 65 61 55
TM 2 22 19 18
TM 3 16 14 13
TM 4 * * 8
5-3-85 T M l 50 46 42
TM 2 17 14 13
TM 3 12 9 10
TM 4 * * 6
17-5-85 T M l 85 82 77
TM 2 31 27 27
TM 3 23 21 20
TM 4 * * 14
2-6-85 T M l 69 68 56
TM 2 23 21 16
TM 3 17 15 8
TM 4 * * 1
4-7-85 T M l 93 90 91
TM 2 34 32 36
TM 3 30 28 31
TM 4 * * 31
Table 6-12. Results showing the values of the atmospheric additive term {dj) 
for every band by applying the RM  to the reservoir system. 
Results also from the CM M  (using the same assumption) are 
also presented. Values marked * in the TM band 4 for the RM  
and CM M  correspond values very close to zero values o f the 
dark targets (Continued overleaf).
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Image date Band Estimates of the additive atmospheric effects (dj) in 
terms of DN's
RM CMM DP
29-9-85 T M l 62 61 54
TM 2 22 21 18
TM 3 16 15 15
TM 4 * * 9
8-10-85 T M l 43 41 43
TM 2 15 13 13
TM 3 9 7 10
TM 4 * * 7
24-10-85 T M l 41 36 36
TM 2 14 6 12
TM 3 9 4 9
TM 4 * * 5
9-11-85 T M l 40 34 34
TM 2 13 10 10
TM 3 10 6 7
TM 4 * * 4
13-2-86 T M l 47 42 46
TM 2 16 13 14
TM 3 11 7 11
TM 4 * * 6
8-3-86 T M l 53 49 50
TM 2 38 16 16
TM 3 17 10 12
TM 4 * * 7
28-6-86 T M l 97 87 86
TM 2 35 27 32
TM 3 28 16 26
TM 4 * % 19
Table 6-12. Continued.
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6.4 Regression intersection method
Regression intersection method (RIM) is an image-based atmospheric correction 
technique and it provides absolute statistically-derived estimates without the use 
o f ancillary information. It is first developed by Crippen (1987).
6.4.1 Concept
Using the RIM  (Crippen, 1987) a best fit line for multi-spectral plots o f  pixels 
within homogeneous cover types (e.g. land cover, sand mountains) must be 
established. The method generally requires the plot o f  interrelationships between 
pairs o f spectral bands (e.g. band 2 against band 1 etc.) and the calculation o f 
regression lines using the least squares method for a number o f surface materials. 
These surface materials must be o f  contrasting spectral properties (e.g. concrete, 
asphalt surfaces, etc.). Ideally, the intersection o f the lines should represent a 
point o f  zero ground reflectance since this would be the only point at which the 
radiometric values o f  two spectrally different materials can be equal. Nevertheless, 
in practice the atmospheric path radiance will offset this intersection. Hence, the 
atmospheric path radiance is the measured displacement o f  the hypothetical zero 
ground radiance pixels fi*om the zero data number position on the graph. The 
RIM  does not require any knowledge or assumptions about the scene, the targets 
(unlike the DP and RM  in which dark areas must be present in the scene); or 
about prevailing atmospheric conditions and sensor calibrations.
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6.4.2 Background
The RIM  retains the statistical basis o f the regression analysis (Crippen, 1987). A 
straight line can be fitted through the data using simple least squares technique for 
both o f the selected surfaces. The co-ordinates for the intersection are the desired 
correction values (offsets from the origin, Xo, Y o) and represent the amount o f the 
shift caused by atmospheric scattering in digital numbers (see Figure 6-13). The 
additive-term (atmospheric effect) estimates are derived by extrapolation. In the 
case where no atmospheric scattering has taken place (perfect clear image), the 
intersection o f  the line would be expected to  pass through the origin. Crippen 
(1987) recommends the collection o f a series o f training sites resulting in many 
regression lines intersecting in two dimensional space. One o f  the criteria o f 
applying this method is the selection o f homogeneous areas and distinguishable 
from other sites in order to ensure that the regression lines are going to  intersect. 
For the Landsat Thematic M apper TM  bands 1, 4 and 7 w ere determined as the 
best combination to view when finding homogenous training areas (Crippen, 
1987). The spectral homogeneity o f the sites can be viewed also by inspection o f 
high-contrast colour composite displays (Crippen, 1987). Furthermore, the 
selected sites must be sufficient large. Crippen (1987) used test sites greater than 
10*10 pixels.
Crippen (1987) compared the RIM  against the DP, RM  and CMM. RIM  was 
shown to have several advantages over these methods. For example, in some 
cases DP was not applicable since dark pixels did not exist in such scenes. 
Moreover, RIM  gives self-determined results whereas RM  and CMM require 
assumptions for the additive term for one band (e.g. dark areas where the w ater 
leaving radiance in the M R  is assumed to be zero).
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6.4.3 Application o f RIM to Landsat TM images o f Lower Thames Valley area.
The RJM was applied to the Landsat TM  images o f  Staines a r e ^  Several sites 
w ere selected from every Landsat TM  scene. The sites (greater than 100 pixels) 
were:-
♦ concrete surface in Heathrow Airport (runway),
♦ asphalt surface (highways),
♦ vegetation (Runnymede area, see Figure 4-1 in Chapter 4),
♦ soil (Runnymede area),
♦ parks (with coniferous trees)
The best bi-spectral correlation r^ > 0.99 was found for the concrete surface at 
Heathrow area. For a soil surface in the image, a correlation coefficient was 
found to be high only in specific band pair combinations such as:
♦ TM  band 4 v. TM  band 3,
♦ TM  band 4 v. TM  band 7,
♦ TM  band 3 v. TM  band 7,
♦ TM  band 3 v. TM band 4
Unfortunately, for the other features very poor bi-spectral correlations coefficient 
(near 0.3) were found.
An example o f  a high correlation case is presented. For the TM  band 4 v. TM  
band 3 pair for the image acquired on 5/3/85, the bi-spectral correlation for sand 
was 0.90 and for concrete was 0.85. By plotting this relationship and fitting a 
regression line for every surface, the plot shown in Figure 6-13 was produced. 
The intersection point was found from extrapolation. This was (30, 41) in which 
30 corresponds the additive atmospheric effect in band 3 and 41 corresponds to 
that in band 4. The result exceeded in the area o f  interest since these values were
greater than the maximum values in the whole reservoir system in TM  band 3 and
7
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TM  band 4 w ere DN=15 and DN=10. The same overestimated results were 
produced for the other band combinations.
An attempt was made to  apply the RIM  using the concrete surface at Heathrow 
Airport for all the images which has a high bi-spectral correlation (>0.99) w ith 
w ater area from the reservoir system. Unfortunately the reservoir area had a very 
low bi-spectral correlation coefficient.
6-56
6.5 Multi-temporal image normalisation using pseudo-invariant targets
Multi-temporal normalisation (MTN) method is a further image-based 
atmospheric correction technique. It is also termed the multi-date empirical 
radiometric normalisation technique (Jensen, 1996), the radiometric scene 
normalisation using pseudo-invariant features (Schott et al. 1988), and scene-to- 
scene normalisation (Schott, 1997 p .221-224)
6.5.1 Concept
M TN offers a means to  develop a fiilly-image-based atmospheric correction 
method in the case where atmospheric conditions are unknown. This method is 
based on the normalisation o f the spectral data o f all the images to a standard 
image which is chosen as the "reference scene". This scene is preferably that with 
the lowest contribution o f atmospheric effect, that is cloud free and w ith high 
contrasts. This Normalisation is applied using known targets in the reference 
scene whose ground reflectances do not change significantly w ith the time. Such 
pseudo-invariant targets (PIT) may be man-made features such as concrete, 
asphalt, rooftops, car parks, roads or buildings which do not change spectrally 
from image to image (Schott et al., 1988; Berger, 1989; Caselles and Garcia, 
1989; Hall et al., 1991). In some cases, other pseudo-invariant targets are used 
such as bare soil or limestone (Jensen et al., 1995). Bare soils targets make the 
situation more complex in case where historical images are used and the time 
period between the reference scene and the other image is long, and therefore it is 
difficult to  locate unvegetated dry normalisation targets (Eckhardt et al., 1990). 
Asphalt and concrete surfaces can be considered as having approximately invariant 
reflectance characteristics with respect to  time and illumination angle (Schott et 
al., 1988). W hen a comparison is made between different images o f  the same area 
acquired on different dates, any difference in the at-satellite reflectances o f PIT
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target surfaces is assumed to be due to  differences in path radiance and/or 
atmospheric attenuation (Hill and Sturm, 1991). The M TN method is 
implemented using the linear regression method (Schott et al., 1988) by relating 
the reference image with the others.
The M TN method using pseudo-invariant targets is a useful technique when multi 
series images are used without any available information about the atmospheric I
conditions o f  any image. Differences due to  variation in sun angle and earth-to- 
sun distance variation and differences due to  detector calibration between the 
sensor can be calculated with accuracy. However, the removal o f  atmospheric
effects requires information about the atmospheric optical properties e fH he
c
^-atmosphere for any o f the images. In case where such information is not available, 
the PIT's are assumed to be constant reflectors and any changes in their 
reflectance values can be attributed to atmospheric and phase angle differences. 
M TN technique has been used to remove the atmospheric effects in several multi­
temporal studies for monitoring w ater quality (Caselles and Garcia, 1989); in 
agricultural land-cover classification and vegetation monitoring (Hill and Sturm, 
1991); for inland wetland change detection (Jensen et al., 1995); and for image 
classification o f the transformed imagery into irrigated and non-irrigated lands 
(Eckhardt et al., 1990).
In the M TN technique using pseudo-invariant targets, the atmospheric and 
calibration differences (in the case where only DN are used) between the images 
are assumed to introduce linear differences (Gaselles and Garcia; Garcia and 
Caselles, 1990; H a lle /a /. 1991).
S ' "
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6.5.2 Description o f the MTN fo r  removing atmospheric effects from  satellite 
images
In the case where the spectral data from the satellite images are used only in 
terms o f digital numbers, w ithout conversion to radiance, or reflectance, the 
M TN technique is used not only as an atmospheric correction but as a 
radiometric correction. M ore specifically, M TN can be used to  remove the 
differences in atmospheric path radiance and atmospheric attenuation between 
the dates and also to remove the differences in calibration and in direct beam 
solar radiation due to  variation o f sun angle and earth-to-sun distance variations 
(Jensen et al., 1995; Jensen, 1996). The way in which M TN is applied using DN 
is described below:
1) select suitable reference image (high contrast, cloud free)
2) identify suitable pseudo-invariant targets in the scene
3) apply a regression analysis. A  linear dependence between the spectral surface 
reflectances and the radiances measured at the satellite is assumed. The DN 
values o f the reference image targets for each band are regressed against the 
D N values o f  the others for every band:-
Y - A . X  + B  (6-29)
Y  is the reference image in D N  (dependent variable)
A  is the slope o f  the regression equation
X  is the image subject to correction in DN (independent variable)
B  is the intercept o f the regression equation
In this case where DN are used then equation (6-29) becomes:
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^ ^ r e f  -  ^ -^^su b  (6-30)
DN,.^f is the reference image in DN
A  is the multiplicative term  (slope) which represents the
correction for the difference in detector calibration, sun angle, 
earth-to-sun distance variation, atmospheric attenuation, and 
phase angle between dates 
is the image subject to  correction in DN 
B  is the additive component that corrected for the difference in
atmospheric path radiance between dates
4) Use the computed regression coefficients (A and B  ) to  normalise the 
image to  be corrected (to match the reference image).
Some o f  the M TN studies in the literature have used normalisation technique 
w ithout correcting all the images for sun-to-earth distance, solar angle and sensor 
calibrations (for example, Jensen, 1995). For multi-date imagery, it is 
recommended to  take into account such factors. This can be achieved by using 
the apparent reflectance model (see Section 6.1.2) and then to  correct each image 
in the sequence to  absolute surface reflectance (for example, Garcia and Caselles, 
1990) by determining differences in atmospheric effects and atmospheric 
attenuation. Then the procedure for applying M TN is still the same as in the 
four-steps procedure, but in this case the image data are now  treated in 
reflectance and the independent factor according to equation (6-29), is the 
reference image.
Garcia and Caselles (1990) provide a derivation o f  the linear relationship between 
the spectral surface reflectances and the radiances measured at the satellite. 
Garcia and Caselles also provide a derivation o f the linear relationship when DN
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are used. Derivation o f the M TN technique using reflectance and DN are both 
described in the following section.
6.5.3 Mathematical description o f the MTN
In the case o f  a homogeneous Lambertian surface, the atmospheric effects are 
described by the following equation:-
PtS -
(6-31)
P a
% ) T
Pts
S
^0
e,.
is the at-satellite reflectance 
is the gaseous transmittance
is the intrinsic atmospheric reflectance (derived from the 
atmospheric path radiance)
is the total (direct and diffuse) transmittance between the top o f  the
atmosphere and the ground
is the target reflectance at the ground
is the spherical albedo due to  multiple interactions between the
earth's surface and the atmosphere
is the total transmittance between ground and the sensor
is the solar zenith angle 
is the sensor viewing angle
The at-satellite reflectance is given by (Markham and Barker, 1985):-
P ts — EQ.cos{6o).d
(6-32)
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where
is the target radiance as measured at the sensor,
E q is the solar irradiance at the top o f the atmosphere,
d  is the correction coefficient accounting for variation in the sun-to-earth
distance.
Since = 1 and is very small quantity (Deschamps et al. 1983, Kaufman, 
1989), equation (6-31) can be w ritten as
a + b.p,^ (6-33)
where 
a  is equal to
^ is equal to r ( ^ J .
A  combined term  o f transmittance can be written as t (o^, 6 ^ .
Equation (6-33) provides a means to estimate the relative atmospheric effect 
between tw o different images. By considering that remains constant with
time, and by applying equation (6-33) for two different dates, then the linear 
dependence between the two images can be obtained. This process is described 
below:
For an image acquired on day 1, the at-satellite reflectance based on equation (6- 
3 3 ) û
Pta, =«l+&iA*. (6-34)
6-62
where
^Si’Poi
h  T ,{9).T ,{e^) = T l0 „ e ; )
For a reference image acquired in day 2:
Pto, —^2 ^^2'Pti
Therefore, n  /■
P t o j  -  h i'P ^ i
(6-35)
T ,C ew ® v)
(&36)
Pts^  -  Pa^  +  ^2 • A^2 (6-37)
Since is constant and does not change over time, then .
Solving for T .^ptg^ and , the above becomes,
\^-Ptg ~ Ptsi ~ -Pa^
'^ 2 • P tg ~  Pts., ~  • A ,
(6-38)
(6-39)
Dividing the two equations, then
^^'Ptg _  Ptsi g^i 'Pax (6-40)
'^ 2-Ptg PtS2 g^z'Paz
Ti _  P ts, h i -P o ,  (6-41)
'^ 2 PtS2 g^t'Pa^
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Combining equations (6-40) and (6-41) and rearranging yields
= - p  A .  + 'a  A .
-‘ 2 ^2
That is:
Pts, - ^ '  Pts, (6-43)
where
T  / \ T
a ' = Y  = W
■‘ 2 ^2
Equation (6-43) is used when reflectance spectral data are used. However, for 
DN, Garcia and Caselles (1990) derived a linear relation based on equation (6- 
43). They used the linear calibration function for the Thematic M apper bands 
(see equation (6-44)) in order to derive an expression o f  using the M TN with 
DN.
^ts (6-44)
By relating equation (6-43) with the equation (6-44), then 
D N ,= a " .D N ,+ b "
where.
cos A
a "  = -----cosA
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and
1  cos A / \
* " = : : 7 - 7 7 7 ^ ( « '" o + * ') - « «a ' ' cosA^2
6.5.4 L iterature review
This section briefly reviews some o f  the studies that have used M TN to remove 
the atmospheric effects from satellite images. Table 6-13 summarises studies that 
have used M TN using pseudo-invariant targets for a variety o f  goals.
Schott et al. (1988) developed a scene-to-scene radiometric normalisation 
technique to  remove the atmospheric effects, illumination effect and. A  linear 
relationship between two images whose pseudo-invariant features are assumed to 
be constant reflectance has been used by Schott et al. (1988). Based on this linear 
relationship, a normalisation has been done so as the image subject to  correction 
to appear under the same atmospheric and illumination conditions as with the 
reference image. Schott et al. (1988) used the histogram matching technique as a 
diagnostic test to  evaluate the quality o f the linear transformation. In case where 
a difference between the histogram matching transform and the linear one is 
significant this means that the selected pseudo-invariant features are not the 
suitable features (probably due to mixed pixels; invariant and variant). Schott et 
al. (1988) found that throughout M TN produced satisfactory results and 
demonstrated the potential o f this technique in multi-temporal imagery. They 
reported that one possible limitation o f using the M TN with pseudo-invariant 
targets is the case where significant changes in surface moisture will change the 
overall reflectance o f  the features that have been assumed to be invariant.
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Caselles and Garcia (1989) derive the simple M TN approach in order to  estimate 
the atmospheric effects from multi-temporal studies for a lagoon area at Valencia 
(Spain). They used satellite reflectance data (see equation 6-43) to  derive the 
regression coefficients for correcting 5 Landsat-5 TM  images acquired during 
1985. They selected dry sand, asphalt o f  a highway and sea w ater (6 km from the 
coast) as the pseudo-invariant targets. They assessed their method by comparing 
their corrected lagoon reflectances w ith those obtained using the 5S code (see 
Chapter 7). The differences between the two correction methods was less than 10 
%. Garcia and Caselles (1990) investigated the performance o f  using Landsat TM 
imagery for monitoring chlorophyll-a in the Abufera lagoon at Valencia after 
removing atmospheric effects. They used DN spectral data instead o f reflectance 
(see equation 6-45).
Hall et al. (1991) describe the M TN technique to rectify radiometrically multiple 
Landsat -5 TM  images relative to  a reference image. They used a pair o f Landsat 
TM images acquired two years apart. Their radiometric rectification algorithm is 
divided into steps. Firstly involves in the selection o f the suitable control points in 
which the mean reflectance is assumed to change little w ith time. The average DN 
o f the selected control points are used in the image rectification step. Secondly, 
the images are transformed to the reference image by assuming linear relationship. 
They used bright (concrete, parking lots, roads) and dark (deep reservoirs) control 
set. Considerable attention was given in the determination o f the average DN in 
for the above control points. They used the Kauth-Thomas (KT) greenness and 
brightness threshold (for example, see Lavreou, 1991) to avoid any sampling 
errors. They conclude that if  calibration coefficients and reliable atmospheric 
optical depth are not available, the relative correction is useful. In cases where 
sensor calibration and atmospheric turbidity data are available for any o f  the 
images, then those data can be used to remove the atmospheric effects from the 
reference image (after correction). The others can then be normalised to  the 
reference one.
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Eckhardt et a l  (1990) used the M TN technique to normalise 4 Spot HRV  images 
w ith a reference Spot HRV  image in order to be able to  classify irrigated and not 
irrigated classes. They selected a reference image the one which has the highest 
sun angle and the one which acquired w ith the lower incidence angle. They used 
dark targets (lake) and bright targets (reservoir dam, dry lake hed in dessert mountains) as 
pseudo-invariant targets. Eckhardt et a l  (1990) set the following acceptance 
criteria for potential normalisation targets:
♦ The target should be at approximate at the same elevation as the area under 
investigation within the image. For example, by using a mountain-top as a 
pseudo-invariant-invariant normalisation target, then the M TN atmospheric 
correction will be ineffective since most o f  the aerosols in the atmosphere 
typically occur within the lowest 1000m.
♦ The target should contain only minimum amounts o f  vegetation since the 
presence o f  a large amount o f vegetation reduces the invariant condition o f  the 
targets.
♦ The target must be relatively flat area so any temporal changes in sun angle 
fi*om date to  date will have the same proportional change in direct beam 
sunlight for all the targets.
♦ The patterns seen on the targets from the image display should not change over 
time. For example, a multicolour pattern may indicate changes in surface 
moisture conditions or partial land use change.
The w riter argues with the reliability o f the M TN technique, presented and used in 
the above literature since the selection o f  a reference image as "clear" image is 
doubtful. Although the application o f  this method is described in this section, a 
simple tool to find evidence to support this argument was shown fl-om the 
examination o f  Landsat TM  band 4 images (see Chapter 4). From the 12-time 
series images, DN's were assigned with very high values. This means that all the
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images are affected by the atmosphere and any selection o f  one o f  them as a 
reference image is unreliable and may introduce erroneous results.
Satellite sensor Pseudo-invariant targets Datatype 
for MTN
References
Landsat TM man-made features (concrete, 
asphalt, roof tops, roads)
DN Schott et al. (1988)
Landsat TM concrete surfaces at airports, 
shopping centre, railway 
station
reflectance Berger (1989)
Landsat TM sand, asphalt, sea water reflectance Caselles & Garcia 
(1989)
SPOT HRV dark targets (lake) and bright 
targets (reservoir dam, dry lake 
hed in dessert mountains)
DN Eckhardt et al. 
(1990).
Landsat TM sand, asphalt, sea water DN Garcia & Caselles 
(1990)
Landsat TM bright (concrete, parking lots, 
roads) and dark (deep 
reservoirs)
DN Hall era/. (1991)
Landsat TM bare soil, quarries, urban targets reflectance Hill & Sturm 
(1991)
Landsat MSS 
&SPOT
dry (bare soil points extracted 
from: an excavation area, a 
limestone bare soil area, dry 
lake area) and wet (water) 
targets
DN Jensen era/. (1995)
Landsat TM concrete runways and asphalt 
road surfaces
DN Hadjimitsis et al. 
(1998)
Table 6-13. Summary o f the published studies that used M TN with PITs.
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6.5.5 Application of MTN method using pseudo-invariant targets to remove the
atmospheric effects from Landsat TM images of Lower Thames Valley area
In the area o f  interest for this research there are both bright and dark objects 
which may be suitable as pseudo-invariant targets. For example, the concrete 
runways and aprons o f Heathrow Airport and asphalt surfaces o f  the highways 
which cross the study area may be considered as bright and dark PIT's. The 
selection o f  these targets follows the criteria given by Eckhardt et a l  (1990). In 
the case o f  dark pseudo-invariant targets the large reservoirs and lakes in the 
scene may be suitable targets. Hall et a l  (1991) report that when a reservoir is used, 
high sediment concentrations must be considered in the spatial variability o f  the 
targets. The writer argues on this statement since as it was found in Chapter 5, 
for example, for the Queen Mary reservoir, the spatial variability was very low. 
By masking out the edges which were found to produce higher reflectance values, 
the w riter strongly suggests that the eutrophic reservoirs can be considered as 
suitable PIT's targets as shown in Chapters 8 and 9.
The means used to select the reference image for this study were the following:
♦ by investigating the histogram minimum o f all the images it is apparent that less 
atmospheric contribution is observed for the images acquired on 2/6/85 and 
5/3/85.
♦ looking through the hourly visibility values recorded at H eathrow Airport for 
all the dates it is apparent that the highest visibility with low cloud cover is 
observed for the image acquired on 2/6/85.
♦ the highest contrast is observed for the image acquired on 2/6/85.
♦ the higher solar elevation angle (smaller solar zenith angle) corresponds to the 
image acquired on 2/6/85. High solar elevation minimises the amount o f 
atmospheric attenuation and haze in the scene.
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Since both o f the above images has very closed histogram minimum values, it is 
better to  test the performance o f both images in order to decide with more 
confidence which o f  the two is the most "clearest" image. Two cases are 
investigated using M TN method w ith reflectance values and equation (6-43):
a) image subject to correction against 2/6/85 (reference)
b) image subject to correction against 5/3/85 (reference)
In order to determine the correction equation for every image, two different types 
o f  surfaces w ere selected: concrete surfaces from the Heathrow Airport runways 
and aprons; and the asphalt surface o f two highways cross the study area. 
Concrete surfaces from airport runways are large, uniform, easily identified 
objects in the scene and very common objects for an urban area. Asphalt surfaces 
are common targets but the problem o f mixing those surfaces with some adjacent 
oth& pixels in the scene makes the selection o f such targets difficult. Seven 
surfaces are selected, three from the concrete runways/aprons, tw o asphalt 
surfaces from the M25 highways and two asphalt surfaces from the M3 highway. 
At-satellite reflectance values were obtained for the concrete and asphalt surfaces.
Taking the image acquired on 2/6/85 as reference, the method was applied to 
correct the rest o f the images using reflectance values and equation (6-43). Table 
6-14 presents correction parameters for seven selected PIT surfaces in eleven time 
series images. The ^/-intercept (based on equation 6-43) o f  every regression 
equation represents the difference in atmospheric path radiances between the 
multi-date images. The slope term represents the correction for the difference in 
atmospheric attenuation. An example o f  the linear relationship between the image 
subject to  correction (8/3/86) against the reference (2/6/85) for the TM  band 1-4 
is presented in Figure 6-14 . When the image acquired on 5/3/85 was used as the 
reference image, the regression coefficients for correction o f the other images are 
shown in Table 6-15.
6-70
The corrected target reflectance is found based on equation (6-35) i.e.
Pu, = a ' - P ts ,  + * '  
where
is the at-satellite reflectance o f the image subject to correction
a ' is the slope given in Table 6-14 or Table 6-15
b ' is the intercept given in Table 6-14 or Table 6-15
is the assumed corrected target reflectance corresponds to  a "clear 
image"
By considering the application o f M TN using DN as shown in equation (6-45), the 
two above cases in which the 2/6/85 and 5/3/85 were selected as the candidate 
suitable reference images, are also investigated. According to equation (6-45), 
now the image subject to correction is the independent parameter. The image 
pairs with the highest correlation coefficient are presented in Table 6-16. For the 
retrieval o f  the corrected DN the following was used:
D N ,= a Y D N ,+ b ”
where
DN^ is the corrected DN (the reference image)
a " slope value given in Table 6-16
DVj is the image subject to correction
b " intercept value given in Table 6-16
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Results o f  the implementation o f the M TN using both reflectance and DN are 
presented in Appendix 11, for the image pairs which had high correlation in all the 
bands namely
Image subject to  correction 
12/4/84 (reflectance) v.
8/3/86 (reflectance) v.
12/4/84 (reflectance) v.
8/3/86 (reflectance)
Reference image 
2/6/85 (reflectance) 
2/6/85 (reflectance) 
5/3/85 (reflectance) 
5/3/85 (reflectance)
Reference image 
2/6/85 (DN) 
2/6/85(DN)
V. Image subject to  correction 
12/4/84 (DN)
8/3/86 (DN)
6-72
Image subject 
to correction
Reference
image
TM
bands
Slope
a '
Intercept
b'
Correlation
coefficient
12-Apr-84 2-June-85 1 0.634 0.043 0.99
2 0.695 0.025 0.98
3 0.702 0.023 0.98
4 0.672 0.041 0.93
5-March-85 2-June-85 1 0.650 0.056 0.98
2 0.629 0.039 0.98
3 0.648 0.034 0.98
4 0.341 0.014 0.58
17-May-85 2-June-85 1 0.725 0.047 0.99
2 0.748 0.036 0.99
3 0.766 0.004 1.00
4 0.004 0.025 0.012
4-My-85 2-June-85 1 0.615 0.072 0.99
2 0.655 0.059 0.99
3 0.635 0.059 0.99
4 0.117 0.275 0.70
29-Sep-85 2-June-85 1 0.775 0.053 0.99
2 0.863 0.030 0.99
3 0.833 0.034 0.99
4 0.170 0.254 0.58
8-Oct-85 2-June-85 1 0.239 0.186 0.16
2 0.401 . 0.155 0.33
3 0.484 0.149 0.46
4 0.117 0.288 0.10
24-Oct-85 2-June-8 5 1 0.719 0.070 0.89
2 0.660 0.051 0.95
3 0.621 0.048 0.97
4 0.531 0.089 0.84
9-Nov-85 2-June-85 1 0.270 0.123 0.83
2 0.320 0.079 0.96
3 0.328 0.076 0.95
4 -0.158 0.244 -0.35
13-Feb-86 2-June-85 1 -0.438 0.363 -0.63
2 -0.122 0.272 -0.31
3 -0.005 0.283 -0.19
4 -0.204 0.339 -0.33
8-March-86 2-June-85 1 0.639 0.066 0.98
2 0.689 0.039 0.99
3 0.662 0.045 0.99
4 0.747 0.022 0.96
28-June-86 2-June-85 1 0.644 0.067 0.99
2 0.685 0.052 0.99
3 0.699 0.047 0.99
4 0.047 0.288 0.078
Table 6-14. Correction parameters used to normalise 11 images in 
reflectance relative to 2/6/1985 reference image, using 
concrete and asphalt PIT’s (on 13/2/86, snow was present).
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Image subject 
to correction
Reference
image
TM
bands
Slope
a *
Intercept
b '
Correlation
coefficient
12-Apr-84 5-March-85 1 0.990 -0.001 0.97
2 1.103 -0.001 0.96
3 1.090 0.002 0.96
4 0.850 0.063 0.94
2-June-85 5-March-85 1 1.568 -0.070 0.99
2 1.601 -0.039 0.99
3 1.554 -0.028 0.99
4 1.317 0.016 0.97
17-May-85 5-March-85 1 1.134 -0.002 0.98
2 1.188 0.008 0.98
3 1.189 0.004 0.99
4 0.120 0.293 0.61
4-July-85 5-March-85 1 0.960 0.029 0.99
2 1.089 0.026 0.99
3 1.024 0.033 0.99
4 0.178 0.272 0.77
29-Sep-85 5-March-85 1 1.250 -0.008 0.99
2 1.444 -0.015 0.99
3 1.349 -0.002 0.99
4 0.257 0.252 0.65
8-Oct-85 5-March-85 1 0.093 0.228 0.04
2 0.473 0.178 0.26
3 0.608 0.174 0.41
4 -0.010 0.325 -0.01
24-Oct-85 5-March-85 1 1.159 0.014 0.89
2 1.066 0.024 0.95
3 0.971 0.030 0.96
4 0.637 0.115 0.88
9-Nov-85 5-March-85 1 0.506 0.088 0.91
2 0.517 0.066 0.99
3 0.538 0.062 0.97
4 -0.224 0.244 -0.36
13-Feb-86 5-March-85 1 -0.787 0.415 -0.67
2 -0.206 0.281 -0.30
3 -0.079 0.285 -0.16
4 -0.317 0.346 -0.36
8-March-86 5-March-85 1 1.021 0.018 1.00
2 1.121 0.009 1.00
3 1.049 0.022 0.99
4 0.966 0.043 0.98
28-June-86 5-March-85 1 1.022 0.021 0.99
2 1.105 0.025 0.99
3 1.077 0.029 0.99
4 0.148 0.026 0.21
Table 6-15. Correction parameters used to normalise 11 images in 
reflectance relative to 5/3/1985 reference image, using 
concrete and asphalt PIT’s.
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Reference
image
image subject 
to correction
TM
bands
Slope
a "
Intercept
b"
C orrelation
coefficient
2-June-85
(DN)
12-April-84
(DN)
1 1.795 -47.795 0.99
2 1.647 -13.902 0.98
3 1.623 -14.437 0.98
4 1.753 -29.136 0.94
2-Jiine-85
(DN)
5-March-85
(DN)
1 2.535 -52.44 0.98
2 2.693 -20.94 0.99
3 2.581 -17.92 0.99
4 2.300 15.14 0.87
2-Jiine-85
(DN)
17-May-85
(DN)
1 1.417 -42.325 0.99
2 1.436 -17.146 0.99
3 1.346 -9.474 0.99
4 2.018 -83.518 0.94
2-June-85
(DN)
4-July-85
(DN)
1 1.658 -79.424 0.99
2 1.626 -33.633 0.99
3 1.641 -33.633 0.99
4 2.098 -93.169 0.94
2-June-85
(DN)
29-Sep-85
(DN)
1 2.085 -56.670 0.99
2 1.963 -18.673 0.99
3 1.921 -16.347 0.99
4 2.240 -36.563 0.93
2-June-8 5 
(DN)
8-March-86
(DN)
1 2.663 -76.98 0.99
2 2.635 -26.48 0.99
3 2.643 -29.74 0.99
4 2.159 -6.53 0.97
2-June-85
(DN)
28-June-86
(DN)
1 1.644 -79.139 0.99
2 1.546 -28.421 0.99
3 1.444 -21.088 0.99
4 1.380 -35.231 0.74
Table 6-16. Correction parameters used to normalise images in D N’s 
relative to 2/6/85 image, using concrete and asphalt PIT’s
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INPUT IMAGE
solar irradiance
sun-to-earth
correctionConversion to reflectance
ffset (a@)
ao + aj DN] [n (LJH / [Eq COS (0J d]
COS
cosine of solar zenith angle
Conversion 
to radiance
gain (ai)
Im age in radiance
OUTPUT IM AGE
Image in reflectance 
“apparent reflectance”
Figure 6-1. The apparent reflectance model, developed by the writer 
to convert an image in DN to radiance and reflectance. Schematic 
presentation uses format o f ERDAS Imagine 8.3.1 Model Maker.
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ESPUr RASTER
nl_input_filenaine
G L O B A L  M I N
input_filename-n3_omput
n3 output
nS_Dutput_fiIei
OUTPUT RASTER
Figure 6-2. Darkest pixel in graphical model using digital numbers.
Schematic representation uses format of ERDAS Imagine
8.3.1 Model Maker. This model only calculates the global 
minimum in the image.
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Radiative interactions
Solar ^ 0
irradiance
Sate Mte
Sensor
A tm osphère
1. Direct solar irradiance; 2. Diffuse sky irradiance; 3. Atmospheric interacted radiation without 
reaching the target (part of Lp)\  4. Scattering from surrounding land (part of L^); 5.
contributions of multiple surface-atmosphere reflections.
E d is the difiuse sky irradiance corrected for earth-sun 
distance variation.
^direct is the direct solar irradiance
4 is the atmospheric path radiance
4 is the target radiance at the sensor,
4 is the target radiance at the ground level transmitted from 
the target of interest toward the sensor.
is the satellite viewing angle
0^ is the solar zenith angle
Figure 6-3. Diagram showing various paths of radiance received by the 
satellite remote sensing sensor.
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INPUT RASTER
nl8_output_filename
OUTPUT RASTER
l_mput_filena
nz custom Float sun-to-earth
correction
a„ + a, DN [n ' [Eq COS (0J d]
offset (ao)
n3 custom Float
gam (a,)
nzlm em ory
Figure 6-4. Darkest pixel graphical mode! using radiance and reflectance was 
developed by the writer to correct the image by subtracting the darkest 
pixel (in radiance) from every band. Schematic presentation uses format 
of ERDAS Im agine 8.3.1 Model Maker.
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Histogram diagram for the Landsat TM band 1 image acquired on 
July, 4, 1985 (quadrant/ignore DN=0)
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Histogram diagram for the Landsat TM hand 1 image acquired on 
March, 5, 1985 (quadrant/ignore DN=0)
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Figure 6-5. Inspection of histograms for evidence of atmospheric 
degradation (a) hazy atmosphere (TM band I image 
acquired on 4/7/85); (h) a more clear atmosphere (TM  band 
1 image acquired on 5/3/85).
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Darkest pixels from quadrant- Searching for the minimum DN
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Figure 6-6. (a) Darkest pixels obtained from a quadrant using the DP model
shown in Figure 6-2.; (b) After thorough histogram and image 
examination recommended DN by the w riter for a quadrant 
image are presented [Note that the quadrant image o f 2/6/85 w as 
not available (NA)]
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Darkest pixels from sub-scene (original data)
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Figure 6-7.
S c e n e  d a te
(a) Darkest pixels obtained from a sub-scene (containing original 
DN without be resampled) using the DP model shown in Figure 
6-2.; (b) After thorough histogram and im age examination  
recommended DN by the writer for a sub-scene image are 
presented
6-82
Darkest pixels from sub-scene after resample
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Figure 6-8. (a) Darkest pixels obtained from a resampled sub-scene using
the DP model shown in Figure 6-2.; (b) After thorough 
histogram and image examination recommended DN by the 
writer for a resampled sub-scene are presented
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Comparison o f three different source of darkest pixel search (Band TM 1)
80 --
-♦—quadrant 
* —sub-scene
70 --
Z  60 - 
Q
E 50 --
S  30 --
20 - -
10 - -
g inI g
in
I
inop inCO in00 I (OI
CO
I
oo o>
Scene date
Figure 6-9. A  comparison o f two different cases o f darkest pixel search: 
firstly from the quadrant (see Figure 6-6a); secondly from the 
sub-scene (original data, see Figure 6-7a). Both cases are 
referred to Landsat TM  band 1 images.
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Figure 6-10. The extraction o f darkest pixels from the masked images o f 
Lower Thames Valley reservoirs (large water bodies). This is 
the most dale technique in order to select a suitable DP with  
confidence.
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intercept (offset)
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I
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MSS 1, (MSS 2 or 3)
(b)
Figure 6-11. Schematic representation o f the regression method for computing 
atmospheric path radiance, given by the intercept. Dots represent 
sam ple points from a dark area (a) case 1: long wavelength independent 
(for example, MSS 4); (b) case 2: short wavelength independent
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Figure 6-12.
Im ag e  d a te
Results o f the atmospheric additive effect determined from  
regression method (RM), darkest pixel method (DP) (from the 
masked images o f reservoirs) and covariance matrix method  
(CMM) on the Landsat TM  bands (a) TM  1; (b) TM  2; (c) TM  3. 
For the CM M  only Landsat TM  1, 2, 3 and 4 w ere used (assum ing  
Lp=0 in the TM  4). By having as a basis o f comparison, the DP  
results, it is apparent that both CM M  and RM  produce 
overestimated results o f the atmospheric additive term (exceeding 
the DP value) (Continued overleaf).
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Figure 6-13. Schematic representation o f the regression intersection method 
(RIM). Intersection point for TM  band 4 v. TM  band 3 (5/3/85) for 
two materials, soil and concrete is presented.
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Figure 6-14. Scatter plots and least-squares regression lines o f the (a) TM  band 1;
(b) TM  band 2; (c) TM  band 3; and (d) TM  band 4 im age subject to 
correction, acquired on 8/3/86 against the “reference” 2/6/85 image. 
Concrete runways and asphalt surfaces (from M 25 and M 3 
motorways) w ere used as PITs (continued overleaf).
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Chapter 7
Atmospheric correction using 
atmospheric modelling and 
RT calculations
7. ATM OSPHERIC CORRECTION USING ATM OSPHERIC M ODELLING  
AND RADIATIVE TRANSFER CALCULATIONS
In the previous Chapter, all the methods that use information solely from the 
satellite images themselves have been described. The image-based techniques are 
characterised by their simplicity o f  implementation and correction. Besides those 
methods, there are also atmospheric correction methods which are also available 
which use radiative transfer (RT) codes and atmospheric modelling (Turner and 
Spencer, 1972; Turner, 1973; Vermote, 1996). The literature shows that by using 
RT codes and atmospheric modelling in conjunction with field measurements o f 
aerosol optical thickness, accurate, atmospheric corrections can be obtained 
(M oran et al., 1990; Vermote, 1996). However, it is impossible to measure the 
aerosol optical thickness (which is a highly variable parameter) at every location 
(and different geographical area) using ground-based sun-photometers. 
Alternatively, there are two ways to determine the aerosol optical thickness:
♦ either using an image-based technique such as the:-
- "dark object" (for example. Ahem et a l ,  1977), or
- "ocean method" applied over clear water using infrared and near-infrared data 
by considering that "black oceans" (Morel and Prieur, 1977) are totally 
absorbing in these wavelengths (for example, Griggs, 1975);
- "dark-vegetation method" (for example, Kaufman and Sendra, 1988; Holben 
e t a l ,  1992),
♦ or by using other auxiliary information (see, for example, Forster, 1984).
This Chapter presents a detailed description o f the following atmospheric models, 
together with applications to Landsat TM images o f the Low er Thames Valley 
area:-
♦ Atmospheric correction using an atmosphere-surface simulation (the Turner 
and Spencer, 1972 model) in conjunction with meteorological data (Forster, 
1984)
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♦ Atmospheric correction using ATCOR (Richter, 1990; 1996; 1997a, b)
♦ Atmospheric correction using the 6S code (Vermote et al., 1997b, c).
Bearing in mind that a major unknown in every atmospheric correction is the 
aerosol optical thickness and in the absence o f any other data o f aerosol size 
distribution, and aerosol optical characteristics, aerosol optical depth can be 
defined using visibility concept as shown by Forster (1984) and reported by 
Steven and Rollin (1985 and 1986), in the above models the aerosol optical 
thickness was determined based on the available visibility data at the satellite 
overpass.
7.1 Atmospheric correction using Turner and Spencer’s (1972) model of the 
atmosphere with optical parameters determined from meteorological data.
The major difficulty in any atmospheric correction method is the determination o f 
the atmospheric optical parameters appropriate to  the image under investigation. 
Although these parameters can be quantified using meteorological data (for 
example, Forster, 1984), such data are usually only available at major airports and 
meteorological stations where they are monitored on a regular basis. Having 
determined the optical properties, then the next step is to include them in a 
correction algorithm using atmospheric modelling and radiative transfer 
calculations. Turner and Spencer's (1972) atmosphere-surface simulation has 
been used by Forster (1984) to  derive an atmospheric correction procedure for 
Landsat MSS data using meteorological data obtained from the nearest airport. In 
the following sections, based on Forster's (1984) derivation, a description and 
adaptation o f  the method is presented.
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7.1.1 Concept
Correcting image data for atmospheric effects using an atmosphere-surface 
simulation requires modelling o f  the scattering and absorption mechanisms in the 
atmosphere and finding how these govern optical thickness. By using some easily 
acquired meteorological parameters obtained fi*om simultaneous measurements o f 
relevant meteorological data, it is possible to estimate some o f  the optical 
properties o f the atmosphere. These meteorological parameters are:-
♦ relative humidity and temperature, which are used to  find the w ater vapour 
optical thickness
♦ visibility, which is used to find the aerosol optical thickness
♦ atmospheric pressure, which is used for an altitude-pressure correction to  the 
well established Rayleigh optical thickness.
Forster's (1984) correction algorithm can be mainly summarised in three main 
stages.
1) Obtain the following meteorological data: atmospheric pressure, visibility, 
relative humidity (RH), temperature
2) Calculate the optical thickness based on the meteorological data.
Rayleigh optical thickness is related to  atmospheric pressure. The optical 
thickness associated with Rayleigh scattering (to be caused by fluctuations in 
air density) is given for a standard pressure at sea level o f  1013.25 mbar 
(Fraser, 1975; Chahine, 1983; Elachi, 1987; Vermote, 1996). For pressures at 
any other elevation, an altitude correction is required (Chahine, 1983; Forster, 
1984). I f  there is no significant difference between the observed atmospheric 
pressure fi*om the standard atmospheric pressure, then atmospheric pressure 
does not have any significant effect on the Rayleigh optical thickness 
Aerosol optical thickness: The measured value for visibility is used to estimate 
the effect o f  aerosol (Mie) scattering i.e. aerosol optical thickness. The 
visibility value is assumed to indicate the amount o f  particulate m atter present
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at the time o f  image acquisition (Turner and Spencer, 1972; Turner, 1973). 
Other parameters can also be used to quantify the aerosol scattering more 
accurately (see Chapter 2), but the simplicity o f obtaining the visibility value 
has encouraged many researchers to  use it in preference to more accurate 
techniques (Turner and Spencer, 1972, Turner, 1973; Forster, 1984).
Water vapour optical thickness: Based on the equivalent mass o f w ater vapour 
in the atmosphere the absorption effects o f w ater molecules (water vapour 
optical thickness) can be calculated (Forster, 1984; Richards, 1994; Jensen, 
1996). These calculations require temperature and humidity measurements.
3) Calculate the atmospheric path using the total optical thickness, which is the 
sum o f  every optical thickness and the background reflectance (the effect o f the 
adjacent land)
By combining the w ater vapour absorption, aerosol scattering and Rayleigh 
scattering at a given wavelength, the total optical thickness o f the atmosphere is 
calculated. Then by using the correction algorithm given by Turner and Spencer 
(1972) the atmospheric path radiance can be calculated and the target reflectance 
at ground level can be retrieved.
7.1.2 Description o f the AC using an atmospheric model in conjunction with 
meteorological data
Some fundamental concepts o f  Forster's (1984) method and a description o f how 
to remove the atmospheric effect from remotely sensed data are described in detail 
below. Also, other methods o f determining some o f the parameters required by 
Forster's correction algorithm are presented, based on a literature survey.
The solar irradiance reaching the earth's surface, for a given spectral interval is 
given by equation (7-1) (Forster, 1984; Richards, 1994; Jensen, 1996)
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E^=][E,,.T{0,)i.oo40,) + E^,)dX
Xy
where
E q is the global irradiance incident on the target ( W. m~^ )
is the spectral solar irradiance at the top o f the atmosphere
is the atmospheric transmittance between the top o f  the atmosphere 
and the ground 
0Q is the solar zenith angle
A is the spectral diffuse sky irradiance ( W. n f ^ . fjn f^  )
X is the wavelength in \xm
Only a very small fraction o f this irradiance is reflected by the target in the
direction o f satellite sensor. Suppose that the target has a reflectance
Forster (1984) reports that for urban areas the assumption o f  considering the 
natural surfaces as approximate Lambertian diffuse reflectors is reasonable. For a 
Lambertian surface the target radiance at ground level transmitted from the target 
o f interest toward the sensor is given below (Forster, 1984, Richards, 1994 and 
Jensen, 1996)
where
Efg is the target radiance at the sensor (W.m~^ .sr~^)
1 accounts for the upper hemisphere o f solid angle (Lambertian
^  surface)
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is the target reflectance at the ground
is the atmospheric transmittance between the target and the 
satellite sensor
6^ is the nadir view angle o f the satellite sensor (or scan angle)
Ejjpy is the spectral diffuse sky irradiance (W .n f^ .jtmf^ )
Considering that the wavebands = used are frequently narrow
enough to assume that the wavelength dependencies o f  the parameters in the 
above equations are replaced by average values in the band iS.X, then
E q = {E q^  . t {Oq . cos(^o ) + -^ D A ) (7-3 )
and
4 ,  = ^ [ p „ .T { 0 : ) ' l { E , , .T { e , ) .c o ie , )  + E ^ , ) ] M  (7-4)
where
T { 9 ^ i  is the downward atmospheric transmittance between top o f  the
atmosphere and the ground relative to the zenith. 
t (o ) Î  is the upward atmospheric transmittance between target and the
satellite sensor relative to the nadir view angle, 
is the spectral interval ( -  ,^ )
By calculating Eq and over the narrow band wavelength interval, then 
Eo = (^ 0^- 7’(é'oH cos(0„) + E^ ) (7-5)
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where
E q is the solar irradiance at the top o f the atmosphere over the
waveband ( W .n f^  )
is the diffuse sky irradiance over the waveband
and
The target radiance at the sensor, , is given by Forster (1984) as
Ets — I-'tg (7-7)
where
is the atmospheric path radiance ( W.m~^ .sr~^)
Forster (1984) combined the two following path components to  define the 
atmospheric path radiance;-
♦ radiation that is scattered into the field o f view o f the sensor w ithout reaching 
the target o f interest
♦ radiation that is reflected or scattered by adjacent pixels (e.g. concrete, soil, 
vegetation, water, clouds etc.) into the sensor.
Turner et a l  (1971), Turner and Spencer (1972) and Turner and Spencer (1973) 
show the mathematical complexity o f  the radiative transfer equation (RTE) and 
provide a solution by assuming a simplified plane-parallel atmosphere. The major 
difficulty that is involved in the solution o f the RTE is to  determine the single 
scattering albedo and the single scattering phase function (see Chapter 2). The
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single scattering albedo denotes the amount o f  scattering that occurs and is usually 
very close to  unity for the visible region if  absorption is ignored (Turner and 
Spencer, 1972 ; Turner and Spencer, 1973). The single scattering phase fimction 
denotes the angular distribution o f the radiation scattered by a particle (Turner and 
Spencer, 1972; Forster, 1984). Aerosol scattering occurs predominantly in the 
forward direction and the solution o f  RTE is difficult unless certain 
approximations are made (Turner and Spencer, 1972). The following assumptions 
and approximations have been made by Turner and Spencer (1972) to  solve the 
radiative transfer equation and to  build up a model for atmosphere-surface 
interactions:-
the atmosphere is considered to be plane-parallel and homogeneous 
forward scattering is assumed to be dominated by aerosol scattering 
the background reflectance is assumed to be perfectly diffuse (Lambertian) 
in the visible region where scattering occurs there is no absorption 
the visibility is used to characterise haze 
there are no clouds
By solving the RTE, Turner and Spencer (1972) derive relations for computing 
the atmospheric path radiance ( Lp ) and the global irradiance {E ^  ).
Atmospheric path radiance
L p  is factored into separate functions ( F ,  G ,  H )  and expressed as:- 
Lp = E q ) ^o) ^(/^o > 0^ )-^(^o 5 E b ) j (7-8)
where
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+ /'o • ■P(- /<o ) + (l ~  ”)[t’(/^o)  +  7’( -  //(, )] e x p (-  T(, ) 
- /^ o 'P ( -A ,)e x p (-T o )}
2
g (/^o , ^ o ) =  2.;r[//„ + ( l - « ) r „ ]  -  ») -  [l +  4 (l -  n)(r<, +  l) ]e x p (-  r„)}
and,
/ /q = COS^ Q
where
Tq is the sum o f the Rayleigh scattering and aerosol optical thickness
is the Rayleigh optical thickness
Tg is the aerosol optical thickness
is the average background reflectance from adjacent pixels
n is a parameter used to  describe the fraction o f radiation which is
scattered in the forward hemisphere 
is the single scattering phase function
p ( -  P q ) is the single scattering phase function at (l 8 0 ° - ^  )
6q is the solar zenith angle
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9^  is nadir view angle of the satellite sensor
Equation (7-8) does not take into account the absorption effects. By considering 
that w ater and ozone are the only significant absorbents in the atmosphere, Forster
(1984) approximately accounts for these effects by using exp|^-
instead o f  E ^ . Thus, equation (7-8) becomes
Lp = £„ .ex p [-(ro ^  + [F(//„,T<,) +  G (//„ ,r„ )/^ (T „ ,:R s)| (7-9)
where
To is the ozone optical thickness
is the w ater vapour optical thickness
The parameter, n , is given by Turner and Spencer (1972) as
(7-10)
Parameter n  is approximated by Turner and Spencer (1972) to represent the 
amount o f  scattered radiation into the forward hemisphere and to take into 
account all the possible states o f atmospheres, from the clearest to a heavy haze 
atmosphere. Equation (7-10) states that "for most o f aerosol atmospheres with 
heavy hazy where t^ > t^ , then n  = 0.95, i.e. 95 % o f the radiation is scattered 
into the forward direction. I f  there is very little haze is present 50% o f the 
radiation is scattered into the forward radiation, a result o f  Rayleigh scattering" 
(Turner and Spencer, 1972; p .899).
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The single scattering phase function, is used to describe the angular
distribution o f  the radiation scattered by aerosol particles (Mie scattering) and gas 
molecules (Rayleigh scattering). The definition o f Rayleigh phase function,
P^(//q) ,  is well established and is given by equation (7-11) (Henyey and
Greensten, 1974; Sturm, 1981; Yi-Yi, 1982; Sturm, 1981; Forster, 1984; Singh, 
1985; Aranuvachapun, 1985; De Haan et al., 1991; Hill 1993)
4(/<o) = t (i + cosV ) (2-11)
where
V  is the scattering angle
For nadir viewing satellite systems, = 0° and ^  = 180°-Pq (Gilabert et al., 
1994), therefore
The aerosol phase function, P«(//o) is difficult to estimated accurately because o f
the great variability o f aerosol particles (Henyey and Greenstein, 1974). Several
authors refer to the use o f approximate relations for estimating the Pa(Po)
(Turner et al., 1971; Sturm, 1981; Hill, 1993). Turner et al. (1971) provide 
graphs o f these functions in terms o f wavelength by considering a continental type 
aerosol (see Figure 7-1). Forster (1984) used Turner et al.'s graphical method
and suggested using Pa{po) X = 0 .7pm  for all wavelengths since the 
does not change significantly with wavelength. Another way to  determine 
the P^(//o)is to use the Henyey-Greenstein Phase function (Gordon, 1976;
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Kneizys et al. 1983; Gilabert et al., 1994; Aranuvachapun, 1985; De Haan et al., 
1991). Based on the fact that the computations o f the Mie theory are complicated 
and that there could be computational difficulties, Henyey and Greenstein (1974) 
propose the analytical phase function given in equation (7-13). Henyey and 
Greenstein expressed the single Henyey-Greenstein phase function (SHG) for 
forward scattering o f  aerosol particles without taking into account back-scattering 
such as:
J^(cosyr) =
(l + g^ -2 .g .c o sy r)
3/2
(7-13)
For 0^ = 0° and xj/ = 180°-Pq , therefore
4 ( cos6'„) = 1 - ^ '
{\ +  g^ - 2 .g . c o s 0 „ ) 3/2
(7-14)
S  is a parameter used to simulate a range o f  aerosol phase functions
However many aerosols are characterised by a large amount o f back-scattering 
besides the strong forward scattering. This case is modelled by the two-term  
Henyey-Greenstein phase function (TTHG) (Gordon et a/., 1983; Gilabert et a l ,  
1994; De Haan et a l ,  1991) which has been shown to agree with the Mie 
scattering theoretical calculations. TTHG is given by:
P„(cos6>„) = a 3/J
+ ( ! -« )
(l + g z ' -2.g-2.cosg,)
3/2
(7-15)
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where
S u  ^ 2  ^  defined as the deviation o f the ray fi*om the forward
direction; and are the asymmetry factors, which
strongly depend on the aerosol size distribution
Generally, the aerosol phase function can be assumed constant in the visible and 
near-infi-ared bands for a given type o f  aerosol (Aranuvachapun, 1986). For a 
hazy atmosphere with continental aerosols, Aranuvachapun (1983) and Conel
(1990) give the following values for use in Equation (7-15).
a  -  0.978 gj = 0.884 = -0.749
In some cases, aerosol and Rayleigh scattering are combined (De Haan et a l ,  
1991; Forster, 1984). For example, by assuming that Rayleigh scattering occurs
first, Forster (1984) used the following relation to determine p (//q) :
\  4 ( / “ o ) [ l - e x p ( - r , ) ]  + P „ (/i„ )[e x p (-T ,)-e x p (-T „ )]  (7-16)
e x p ( - r„ )
In addition. De Haan et a l  (1991) and Yang and Gordon (1997) define p (//q )
using a linear combination o f  P^(//o) and P«(//o) hi the case where the 
atmosphere contains molecules besides aerosols, :
_  ^ r-4 (g o )+ ra -P q (g o )  (7-17)
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Background reflectance
The average background reflectance, R b , can be obtained by collecting ground 
truth information for the region considered and weighting the reflectance 
according to  their respective areas o f  coverage.
An approximate but image based method is to associate surfaces o f known 
reflectance (grass, trees, commercial buildings, w ater) w ith their DN's. By 
interpolating for the average reflectance over the study area, a value o f 
background reflectance can be calculated (Forster, 1984).
Several studies have considered other ways o f  computing the background 
reflectance, and have inserted their values into the Turner and Spencer (1972) 
model. For example. Ahem et al. (1977) found the mean value from an area o f 
512x512 pixels (Landsat MSS area) centred near the M cGregor lake in Ottawa. 
Torres et al. (1992) used the average value o f four highly reflective land locations 
in the vicinity o f Lake Patzuaro (Mexico) in order to  compute the background 
reflectance as an input to  the Turner and Spencer (1972) model. Hill and Sturm
(1991) reported that for fast computation, the average at-satellite reflectance o f 
the surrounding area o f a pixel is approximated by averaging the at-satellite 
reflectance near the investigated pixel within a moving averaging window. Then 
the background reflectance is corrected for atmospheric transmittance and is 
subtracted as a separate atmospheric path parameter o f which is termed also as 
"environmental reflectance" as shown by Hill and Sturm (1991).
Global irradiance
The global irradiance reaching the target o f interest is given by Turner and 
Spencer (1972) as
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Eo = + 7?b,)]| (7-18)
where
Mo"
/ < o + ( l - ” )^o 
j ( T o )  =  2 ( l - n ) r o  
By considering that the direct irradiance is 
Earea = Eo-L{9o)i.COS(0o) (7-19)
and
E g -  Edirect +  Epy (7-20)
the diffuse sky irradiance can be found by using equations (7-18), (7-19) and (7- 
20) yield :-
E d =  ^0  {^ ( //o , To)[l + , To)]} -  pQ. T (6 'o )i. cos(^o) (7-21)
As for the path radiance, the equations given by Turner and Spencer (1972) ignore 
the absorption effects. By taking into account the absorption due to  w ater and 
ozone, equation (7-18) becomes (Forster, 1984)
E o = E o -  exp[- + To, )]{ /( // ,, r„)[l + , r „ ) |  (7-22)
7-15
Target reflectance
From equations (7-5)and (7-6),
4  (•Eo % )  cos(^o) + ^z>)]
(7-23)
From equation (7-7),
Efg -  Lts Ep (7-24)
where is equal to 
4 . =«0 +civDN  
where,
a^and are the in-band calibration coefficients in W.m~^sr~^ .jum~^ and 
W.nf^sr~^ .DN~^jum~^ respectively (see Chapter 4).
Therefore,
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To determine the reflectance as function o f DN for each band, the following 
equation is used:
Determination o f atmospheric optical properties from meteorological data
Forster (1984) gives source material and tables to assist in the computation o f  the 
optical properties o f the atmosphere by using meteorological parameters. The 
most important point is to calculate the total optical thickness, r{X) , at a range o f 
wavelengths. The total optical thickness is the sum o f the Rayleigh scattering 
optical thickness, t^(X) , due to atmospheric gasses; the aerosol scattering optical 
thickness, t^(X) , due to particulates; and selective absorption, t^^(X) , due to 
the presence o f atmospheric constituents such as water, oxygen, ozone and carbon 
dioxide (see equation (7-27)). Thus:
r (  A) = r , (A.) + (A) + (A)
where
t(X) is the total optical thickness
tM ) is the Rayleigh optical thickness
is the aerosol optical thickness
is the w ater vapour optical thickness
is the oxygen optical thickness
is the ozone optical thickness
(^) is the carbon dioxide optical thickness
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U ) = 2-»,o {A) + To, (A) +  To, (a ) +  Tco, (A)
Forster (1984) considers only the w ater vapour, Tjy^o(> )^, and ozone optical 
thickness, Tq^  {X) , since these are the most significant parameters in the 
absorption mechanism.
In order to  compute the optical properties o f the atmosphere, Forster (1984) 
suggests using some o f the easily acquired meteorological data held at major 
airports. The meteorological data which are needed for the application o f 
Forster's algorithm are the following:
♦ atmospheric pressure in mhars
♦ visibility in km
♦ Relative humidity in %
♦ temperature in T7
The way in which each parameter is related to the Rayleigh, aerosol, and w ater 
vapour optical thickness is described below.
Rayleigh optical thickness
Rayleigh optical thickness in Forster's method has been computed using Figure 7- 
2 showing the atmospheric transmittance as a function o f wavelength for a 
Rayleigh type atmosphere. Given that the atmospheric transmittance for a 
Rayleigh atmosphere is equal to
7;(A ,) = e x p (- r ,(A ,) )  (7-28)
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where
is the atmospheric transmittance due to Rayleigh scattering 
refers to the central wavelength o f each spectral band in fxm
then
7 r ( 4 )  = - ln (T ,)  (7-29)
The values extracted from Figure 7-2 are for a standard pressure, 
Pq = \0 \3 2 5 m b a r , at sea level height h^. So, for any other pressure, P ,  
recorded by a climate station, at elevation h ,  a correction is applied by 
multiplying by the factor k  which is equal to
Rayleigh scattering by the gaseous constituents o f the air is a well-defined 
problem and is dependent only on the wavelength o f the radiation, air pressure and 
temperature profiles (Vermote, 1996). For radiative transfer (RT) codes, pressure 
and temperature profiles are given by McClatchey (1971) in which different 
profiles are described for different climatic regions and seasons. For an accurate 
elevation correction for each pixel, a digital elevation model consisting o f  the 
altitude o f every pixel above sea level can be used (Vermote, 1996). The most 
usual procedure when using RT codes is to assume a surface elevation o f  0 km 
and then to adjust the Rayleigh outputs in a look-up table for variations in 
elevation if  this is available.
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Rayleigh scattering from molecules in the atmosphere have been frequently 
discussed in the literature. The computation o f Rayleigh optical thickness have 
been carried out in previous studies using:-
♦ the basic theoretical equations (Teillet, 1990), or
♦ a tabulation o f Rayleigh optical thickness as a ftinction o f wavelength under 
standard conditions (Hoyt, 1977; Iqbal, 1983) or
♦ a best-fit mathematical equation for easy use in atmospheric codes (Kneizys et 
al., 1983). The mathematical procedure for calculating the Rayleigh optical 
thickness is given by Vermote (1996).
Teillet (1990) compared the Rayleigh optical thickness obtained from these 
various sources and found that values are not always the same and differ by 
up 3 % or 4 %. Based on Teillefs (1990) documentation and from a literature 
survey, some o f the formulae used to compute the are presented in Table
7-1.
In order to avoid any difficulties when (in which is measured in tim)
which is extracted from Figure 7-2 (Forster, 1984), it is easier to use one o f the 
formulae reported in the literature (see Table 7-1). Sturm (1981) reports that for 
most applications in remote sensing the approximate expression given below is 
sufficiently accurate.
T^(;ic) = 0.00879. (7-31)
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Rayleigh optical thickness References
m = [o.00859.;ic"^ .(l + 0.0113.;!^“ ^ + 0.00013.;!^"'^)] 
Hq is the height of the surface above sea level in km 
= e x p (- 0 .1 1 8 8 ./2q -  0.001 lô./îQ^j
Gilabert et al. 
(1994)
Tr{^c) =
7ï^(/îo) = exp(-0.1188./îo - 0.00116./îq^ )
Zibordi and 
Maracci (1988)
= 0.00»79.Àc~* MacFarlane and 
Robinson (1984)
Tr{^c) = 0.00879. Hill and Sturm 
(1991);
Sturm (1981)
rr{^c) = 0.00754. Singh (1985)
Tr{Xc) = 0.008735. Leekner (1978); 
Iqbal (1983)
Tr{Xc) = 0.0088.2c~^'^''''’-^-^ Margaff and 
Griggs (1969)
Tr{jlc) = 0 .00838 .V " “  0074.2 -  0.05/2) Frohlich and Shaw (1980)
Tr{Xc) = 2c“ '^.(ll5.6406-1.3366.2“ ^)
Kneizys et al. 
(1983)
^r{^c) = - f -  0.008569.2c“ '^.(l + 0.0113.2t,“ ^ +0.00013.2£.” '*]| 
Pq is a standard pressure of 1023.25 m bars, P  any other pressure
Kaufinan (1989); 
Royer et al. 
(1987%
Conel (1990).
Table 7-1. Previously published formulae used to compute Tr(X) (symbols 
are defined in the main text).
Aerosol optical thickness
A very useful parameter for determining the aerosol optical thickness is the 
visibility range or visual range. Forster (1984) uses the visual range concept to 
describe the haze level o f the atmosphere due to aerosols which are heavily 
concentrated in the lowest portion o f the atmosphere. The aerosol optical
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thickness is determined using the graph (see F i^ r e  7-3) o f  the aerosol optical 
thickness versus visual range provided by Turner and Spencer (1972). The visual 
range (also termed meteorological range) is defined to be the maximum distance 
that objects can be seen by a human observer and is given by equation (7-32) 
(Turner et a Turner and Spencer, 1972; Turner, 1973; Malm et al., 1981;
Sturm, 1981; et al., 1985).
In 0.01 (7-32)
where •
is the Yii meteorological range in km
Pext is the extiii 1 ien t(^w "^)
The value 0.02 (means 20 % relative contrast between a black object and the sky) 
is the lowest contrast level which can be distinguished by the human eye for a 
black object that is viewed against a bright sky (Diederen et al., 1985). The 
contrast value o f 0.02 is generally used for theoretical visual range calculations. 
Gordon (1979) reports that for visual range observations in airports, the threshold 
contrast value o f 0.055 is used and has been found to  agree better w ith actual 
visibility observations (Gordon, 1979).
The derivation o f equation (7-32) is described in Appendix 12 based on the 
documentation given by Slater (1980).
The percentage o f extinction due to aerosol absorption is less than 10 % o f the 
total extinction coefficient for visible and N IR  light (Fenn et al., 1981). So, 
molecular and aerosol absorption can be considered to be negligible (Turner, 
1973). The only exception is for industrial areas with heavily polluted 
atmospheres where scattering and absorption may be o f the same order o f
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magnitude (Fenn et al., 1981). Diederen (1981) found from experimental 
measurements in the Netherlands that the extinction coefficient derived from the 
Koschmieder equation (7-31)) is dominated by scattering o f light due to 
particulates (up to 83 %).
Some researchers use the visibility value as an input parameter into an 
atmospheric model. This may give some overestimated estimates o f  the aerosol 
optical thickness and a considerable care is required. Kneizys et al. (1988) and 
Bukata et al. (1995) define the meteorological range or visual range using 
equation (7-32) when using the Lowtran code. However, most ofl;en only the 
observer's visibility P is  available. So, Bowker and Davis (1974) and Lowtran-6 
and -7 (Kneizys et al., 1983; Kneizys et al., 1988) relate the meteorological range, 
V ^ ,  w ith the surface or observer's horizontal visibility at the ground 
(Meteorological office, 1960), V, according the following equation suggested by 
Gordon (1970).
= (1.3 + 0.3)F
Ramsey and Jensen (1990) used the above relationship to  relate the 
meteorological range to the visibility obtained from the Augusta, Georgia, airport 
weather station to incorporate the meteorological range in an atmospheric model.
The visibility concept as described above is widely used to specify the aerosol 
density. However, Fraser et al. (1984) argue that the concentration o f  aerosol 
particles is not uniquely be correlated for visibilities exceeding 5 km. Moreover, 
Bowker and Davis (1974) report that:-
"A more precise and meaningful way o f simulating aerosol scattering is to 
input such optical depth (refers to  the aerosol optical thickness obtained
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from measuring the turbidity o f the atmosphere using sun-photometers) 
values directly than to  rely on the approximate visibility relationship".
Fenn et al. (1981) found that visibility is directly related to variations in RH 
through the physical changes occurring in the atmospheric aerosol as the relative 
humidity increases or decreases. They mentioned also that if  the RH increases 
above 70 %, more aerosol particles begin to absorb w ater molecules. The 
statistical relationship o f  the visibility-RH correlation is not unique (Fenn et al., 
1981).
Another possible factor that may contribute to the incorrect use o f visibility to 
define the aerosol optical thickness is the evidence found in which that some 
aerosols absorb radiation and are not perfectly scattered particles (Twitty and 
Weinman, 1972; Unsworth and McCartney, 1973).
Tanre et al. (1979) provide data to assist in computations o f  realting visibility 
values with aerosol optical thickness in cases where visual range values are 
available. The visual range at 5 ,10, 23 and 30 km is given for 0.48, 0.57, 0.66, 
0.84 |im  (see Table 7-2).
X  (uni)
Visibilité' (Icm)
5 10 23 30
Aerosol optical thickness
0.9306 0.6719 0.2801 0.1771
0.55 0.7801 0.5570 0.2348 0.1468
0.65 0.6681 0.4756 0.2011 0.1254
0.84 0.5151 0.3680 0.1550 0.0970
Table 7-2. Aerosol optical thickness values with their associated visibility 
values at various wavelengths from Taure et al, ( 1979)
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The values shown in Table 7-2, are obtained from the Lowtran code (McClatchey 
et al., 1971) and are governed with the assumption that there is no absorption and 
the refractive index o f the particles is equal to 1.50.
For the aerosol optical thickness, no pressure correction is required since pressure 
has negligible influence on aerosol scattering (Turner and Spencer, 1972). There 
is evidence that particulate scattering increases with humidity (Department o f the 
Environment, 1986) but Forster (1984) considers this effect negligible. Nilsson et 
al. (1982) investigate the meteorological influence o f aerosol transmission in the 
visible and N IR  region and they found that a knowledge o f variation in the aerosol 
extinction is related to variations in relative humidity. Moreover, they found that 
a knowledge o f visibility is not sufficient to estimate the aerosol transmission at IR  
wavelengths. This results from the fact that the small particles affect the aerosol 
extinction in the visible region whereas coarse particles have a strong influence in 
the IR  region (Nilsson et al., 1982).
Water vapour optical thickness
W ater vapour concentration is highly variable and changes both temporally and 
spatially. This results from variability in w ater vapour sources (evaporation) and 
sinks (clouds) (Kaufman, 1989). Karmakar et al. (1999) reported that the since 
the w ater vapour is not a well mixed constituent o f  the atmosphere, it will vary 
according to  site, season and local meteorological conditions. W ater vapour 
concentrations are highest in the lower atmosphere (1-3 km) (Chahine, 1983; 
Vermote et a/., 1997a, b, c). For wavelengths less than 0.7|nm, the optical 
thickness o f water vapour is not taken into account but for wavelengths greater 
than 0.7|Lim, it must be considered significant (Chahine, 1983). Values o f the 
Tg o {X) are usually given as a function o f the mass o f  liquid w ater equivalent in a
column o f atmosphere o f unit area cross section" (Forster, 1984; p. 808).
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Relative Humidity (RH) can be described by numerous o f ways. For example, by 
using the relative humidity definition as given below in regard to  the atmosphere 
vapour content (Meteorological office, 1960).
actual vapour pressure e (7-34)
R H  = ---------- :---------------------------- = —
saturation vapour pressure
where
R H  is the Relative humidity in per cent
e is the actual vapour pressure, which is a measure o f  the air's actual
w ater vapour content
is the saturation vapour pressure, which is a measure o f the total 
capacity for w ater vapour o f  the air.
It can also be defined as the absolute humidity, i.e. the number o f  grams o f  w ater 
vapour in a cubic meter o f air or as a w ater vapour density (M eteorological office, 
1960; Linacre, 1992). Finally, it can be described using the dew-point definition; 
the lowest temperature to which the moist air can be cooled in the existing w ater 
vapour content to  enable the saturation to occur. A t the dew point, the vapour is 
just saturated with respect to w ater and further cooling causes condensation into 
w ater droplets suspended in the air as cloud or fog.
RH and temperature measurements are used to  calculate vapour pressure 
(Meteorological office, 1960; Forster, 1984). Then using the ideal gas law 
(Meteorological office, 1960; Dozier and Strahler, 1983), the vapour pressure is 
converted to water vapour density (see Appendix 12). Forster (1984) assumes a 
height (scale height) o f  2.5 km to calculate the equivalent mass o f  liquid w ater in 
g lcnP  with a normal range o f 0.5-3.0 (winter to summer) (Fraser, 1975).
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Tables to assist in the computations o f are given by Forster (1984). Table
7-3 reproduced to  be used to calculate the equivalent mass o f  liquid w ater using 
R H  and T  values. Table 7-4 is used to calculate w ater vapour optical thickness by 
using the linearly interpolated values for equivalent mass o f liquid water, found 
from Table 7-3.
Relative humidity (% )
r c 0 20 40 60 90 100
0 0 0.25 0.50 0.75 1.00 1.25
10 0 0.46 0.92 1.38 1.84 2.30
20 0 0.94 1.88 2j% 3.75 4.68
30 0 1.45 2.90 4.35 5.80 7.25
40 0 2.56 5.12 7.68 10.24 12.80
T able 7-3. T abu lated  values o f the  equivalent mass o f liquid  w a te r as a 
function o f tem p era tu re  and  relative hum id ity  (Forster, 1984)
Mass of liquid water 
(g/cm-)
W ater vapour optical 
thickness for 0.7-0.8
W ater vapour optical 
thickness for 0.8-1.1 fim
0 0.00 0.00
1.0 0.01 0.04
2.0 0.03 0.08
3.0 0.04 0.11
4.0 0.05 0.13
Table 7-4. W a te r v ap o u r optical thickness values fo r th e  M SS han d  3 and  
M SS hand  4 (Forster, 1984)
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An alternative method for predicting atmospheric transmittance for a évide range 
o f atmospheric paths is given by McClathey et a l  (1971). They provide charts for 
calculating the transmittance due to absorption by water vapour, ozone and the 
uniformly gases (CO 2 , N 2 O, CH4 , CO, O2 ). These charts are obtained from field 
and laboratory transmittance data (McClathey et a l,  1971). For the w ater vapour 
atmospheric transmittance in the wavelength 0.6-26 pm, they provide a prediction 
chart shown in Figure 4a and Figure 4b. By placing the transmittance scale on the 
chart so that the scaling factor coincides on the datum line, then the transmittance 
value can be read off for the required wavelength (for example in Figure 4b the 
scale is set at l l p m  and the transmittance is 0.10 for 1 gm/cm'^ o f H 2 O). 
McClatchey et a l  (1971) provide a chart from standard meteorological tables 
(Figure 4-5) to calculate the equivalent sea level absorbed amounts o f water 
vapour in the case where the relevant meteorological parameters (relative 
humidity and temperature) are known for the atmospheric path.
Ozone optical thickness
Ozone is concentrated in the stratosphere (20-50 km above the surface). The 
zone o f absorption is ranged from 0.5 to 0.7 pm. The value o f Tq^ (X) in the
visible region is quite small, and Forster (1984) used = 0.03 for MSS bands 1
and 2 based on Blterman's (1970) reference atmosphere. For MSS band 3 and 4, 
he considered the ozone optical thickness to be negligible i.e. = 0 . MSS band
1 and 2 are approximately matched with TM 2 and 3 so a value o f 0.03 is 
suggested for use in those bands and for T M l, and the value in TM4 is assumed 
to be zero.
Sturm (1981) provides a table o f ozone optical thickness for the complete height 
o f  the atmosphere, for each o f the five "standard atmospheres" given by 
McClatchey et al. (1971).
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Ozone optical thickness for various atmospheres
% (jum) Type: 1
tropical
Type: 2 
mid- 
latitude
Type: 3
mid-
latitude
summer
Type: 4
subarctic
summer
Type: 5
subarctic
winter
0.44 0.001 0.0002 0.0004 0.0003 0.0003 0.0005
0.52 0.055 0.0128 0.0213 0.0173 0.0187 0.0245
0.55 0.092 0.0215 0.0356 0.0289 0.0312 0.0409
0.67 0.036 0.0084 0.0139 0.0113 0.0122 0.0160
0.75 0.014 0.0033 0.0054 0.0044 0.0048 0.00162
Table 7-5. Ozone optical thickness for five "standard atmospheres" 
(Sturm, 1981) (where is the ozone absorption coefficient).
7.1.3 Review  o fprevious studies using Turner a nd  Spencer's (1972) m odel
In this section, some o f  the studies that have used the Turner and Spencer (1972) 
model to  remove the atmospheric effects from satellite images are briefly 
described.
Ahern et al. (1977) used the Turner and Spencer (1972) model as a basis for a 
comparison with the atmospheric path radiances found from their proposed "clear 
lakes" method. They found that by using a clear lake as a dark object, the 
atmospheric path radiance could be estimated and the atmospheric extinction (see 
Chapter 2) could be found using suitable atmospheric models such as Turner and 
Spencer (1972). They used the average radiance and then converted to 
reflectance (see equation 6-1) o f  a 512 x  512 Landsat MSS pixel area centred near 
M cGregor lake (Canada) in order to  calculate the background reflectance.
Verdin (1985) used Turner and Spencer's (1972) model to remove the 
atmospheric effects from Landsat MSS images in MSS bands 1 2 , 3  o f  Flaming 
Gorge reservoir (Colorado) to monitoring w ater quality in the reservoir. Verdin
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found the visual range for predicting the aerosol optical thickness using an 
iterative technique. The modal reflectance value o f different land surfaces near the 
reservoir was used to specify the background reflectance with the highest value 
(from the first three MSS bands) o f 0.22 in band 3.
Chacon-Torres et al. (1989) used the Turner and Spencer's (1972) model to  apply 
an atmospheric correction for SPOT multi-spectral images for monitoring water 
quality in Lake Patzuaro (Mexico). They used an iterative technique for obtaining 
the suitable visual range (10-90 km). The average value o f  four highly reflective 
land locations in the vicinity o f Lake Patzuaro were used to compute the 
background reflectance. The mean DN for the land surfaces that were used for 
estimating the background reflectance were 70.3, 62.0, and 70.0 for SPOT XS 
bands 1, 2 and 3.
7.1.4 M eteorological data
Meteorological data can be easily obtained from airport, since these are monitored 
on a regular basis. For the satellite images o f the Lower Thames Valley area the 
meteorological data were obtained from the London Heathrow Airport 
meteorological station. Also, for image o f Cyprus which was acquired on 3/6/85 
the meteorological data for Cyprus on 3/6/85 are also presented in this section.
Low er Tham es Valley area (London H eathrow  airport)
National Meteorological Library and Archive (NMLA) at Bracknell keeps records 
for all the meteorological stations in the United Kingdom. The nearest 
meteorological station for the Lower Thames Valley reservoirs area is the 
meteorological station at Heathrow Airport (see Table 7-6).
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Meteorological station London Heatinrow Airport
Latitude 51° 28' N
Latitude 00° 27' W
Official altitude 80 feet (24.39 m)
Table 7-6. Details of the Meteorological station at Heathrow Airport
The meteorological data for the dates that satellite images have been acquired 
were obtained from the NMLA. The data w ere kept in the "common surface 
observation format". By using the standard station circle decoding procedure 
provided by the NMLA (see also Meteorological Office, 1960), the hourly 
meteorological data were extracted, and are presented in Appendix 13. The 
meteorological data which were required for this study were only for the GMT 
time o f the satellite overpass. However, all the meteorological data are reported 
hourly, so an interpolation has been applied between 10:00-11:00 GMT to 
determine the values o f meteorological data at the time o f each satellite 
overpasses (see Table 4-9). In the following section meteorological data 
(visibility, atmospheric pressure, dry and dew-point temperature) are presented for 
10:00 GMT, for the time o f satellite overpass (found by interpolation), and for 
11:00 GMT (see Tables 7-7 to 7-11). It is important to mention that the visibility 
values taken from the Meteorological Office at Bracknell corresponds to  visibility 
values near the surface. Meteorological Office (1960) reports the following 
general meteorological view o f London Heathrow Airport:
"London Airport is subject to a rather high frequency o f fog, mainly o f 
radiation type but aggravated by smoke when the wind is from between 
north-east and east-south-east. Fog is most frequent from October to 
M arch and can be persistent; November is the w orst month, the duration 
o f  the fog then averaging 20 per cent o f the total time. Very low cloud 
occurs at times during periods o f bad weather in any season but especially 
in winter and in association with fronts approaching from east or south. "
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Image date
Visibility (km) at London Heathrow Airport station
Visibility 
at 10:00 (km)
Visibility 
at 11:00 (km)
Visibility 
mat satellite overpass (km)
12-April-84 25 27 25.8
5-March-85 5 12 7.7
17-May-85 12 15 13.2
2-June-85 25 28 26.2
4-July-85 6 10 7.5
29-Sept-85 5 9 6.9
8-Oct-85 40 40 40
24-Oct-85 7 10 8.1
9-Nov-85 20 25 21.8
13-Febr-86 9 9 9
8-March-86 4.5 8 5.9
28-June-86 5 6 5.4
Table 7-7. Visibility data for the dates in which satellite images of Lower 
Thames Valley area have been acquired (Station: London 
Heathrow Airport)
Image date
Atmospheric pressure (mbars)
Atmospheric 
pressure 
at 10:00
Atmospheric 
pressure at 
11:00
Atmospheric 
pressure 
at satellite overpass
12-April-84 1023.2 1023.2 1023.2
5-March-85 1023.2 1024.1 1023.6
17-May-85 1023.4 1023.2 1023.3
2-June-85 1025.1 1024.6 1024.9
4-July-85 1016.1 1015.7 1015.9
29-Sept-85 1026.5 1026.1 1026.9
8-Oct-85 1017.4 1017.6 1017.5
24-Oct-85 1028.8 1028.3 1028.6
9-Nov-85 1090.5 1090.6 1090.5
13-Febr-86 1022.1 1022.0 1022.1
8-March-86 1025.4 1025.2 1025.3
28-June-86 1023.1 1021.7 1025.5
Table 7-8. Atmospheric pressure data (Station: London Heathrow Airport)
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Image date
Dry bulb Temperature °C
Temperature °C 
a t 10:00
Temperature °C 
at 11:00
Temperature °C 
at satellite overpass
12-April-84 8 10 8.8
5-March-85 5 7 5.9
17-May-85 18 19 18.4
2-June-85 18 20 19.8
4-July-85 23 25 23.8
29-Sept-85 18 21 19.4
8-Oct-85 12 14 9.2
24-Oct-85 10 11 10.4
9-Nov-85 12 10 11.4
13-Febr-86 1 2 1.3
8-March-86 6 9 7.2
28-June-86 26 28 27.8
Table 7-9. Dry-bulb temperature data (Station: London Heathrow Airport)
Dew-point temperature °C
Image date Dew-point 
Temperature °C 
at 10:00
Dew-point 
Temperature °C 
at 11:00
Dew-point 
Temperature °C 
at satellite overpass
12-April-84 0 0 0
5-March-85 3 3 3.0
17-May-85 9 9 :9.0
2-June-85 10 9 9.6
4-July-85 16 15 15.6
29-Sept-85 14 14 14.0
8-Oct-85 6 4 5.3
24-Oct-85 5 2 4.0
9-Nov-85 9 8 8.7
13-Febr-86 -8 -7 -7.9
8-March-86 2 2 2.0
28-June-86 16 16 16.0
Table 7-10. Dew-point temperatures (Station: London Heathrow Airport)
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Relative H um idity  (RH)
The RH has been calculated using the dry-bulb and dew-point temperatures. The 
"humidity slide rule" (Meteorological Office, 1960) has been used in order to 
calculate the RH.
Image date
Re ative Humidity (RH) %
RH (%) 
at 10:00
RH (%) 
at 11:00
RH (% ) 
at satellite overpass
12-April-84 57 50 54.2
5-March-85 82 76 79.7
17-May-85 55.5 52 54.1
2-June-85 59 49 55.0
4-July-85 64.5 53.5 60.4
29-Sept-85 72 64 68.4
8-Oct-85 66 51 60.8
24-Oct-85 71 54 65.1
9-Nov-85 82 87 83.8
13-Febr-86 51 51 51.0
8-March-86 75 61.5 69.4
28-June-86 54 48 51.6
Table 7-11. Relative Humidity (%) data (calculated based on dry and dew- 
point temperatures shown in Tables 7-9 and 7-10)
Paphos area (Paphos International Airport-Cyprus)
Meteorological data for the date on which the Landsat TM  image o f  Cyprus 
(3/6/85) was acquired, were obtained from Paphos Airport. The visibility and 
atmospheric pressure data were only available for six-hourly observations (see 
Table 7-12). RH was given only at 8:00 and 13:00 local time and temperature 
was given as minimum and maximum values during the day (see Table 7-13).
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Time Visibility (km) Atmospheric pressure (mbars) at mean sea level
02:00 15 1009.1
08:00 15 1008.4
14:00 15 1007.4
20:00 15 1006.1
Table 7-12. Six-hourly visibility and atmospheric pressure data for 3/6/85 
(Station: Paphos airport)
Relative humidity (RH) %
Time RH(%)
08:00 67
13:00 72
Temperature °C
Min 17.0
Max 26.6
Table 7-13. RH and temperature data for 3/6/85 (Station: Paphos Airport)
7.1.5 Extraction o f  atmospheric optical thickness using m eteorological data
This section presents estimates o f the optical properties o f the atmosphere based 
on the provided meteorological data obtained.
Aerosol optical thickness
The available visibility values obtained from the Heathrow and Paphos airports are 
visibilities (V) measured on the ground so the formula given below on equation (7- 
33).
So in order to use either the chart provided by Turner and Spencer (1972) or the 
table o f values given by Tanre et al. (1979) based on the Low tran code, the use o f 
the above formula was investigated for two cases:
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.  F ^ = ( 1 .3 - 0 .3 ) F  = F  
♦ =(1.3 + 0 3 ) F =  1.6F
A ssum ption  1: Vm  = (L3-0.3) F= V
Firstly, the aerosol optical thickness was calculated using the graphical method 
(see Figure 7-3) described by Forster (1984). It is difficult to extract with 
sufficient accuracy the visibility values from Figure 7-3. An attempt was made to 
produce the same plot in a linear-linear graph and then use this plot to  get the 
aerosol optical thickness. The central wavelengths given in Figure 7-3 are not 
matched with the Landsat TM, so an interpolation was carried out to  determine 
the aerosol optical thickness that approximately correspond to TM  bands. 
Estimates o f  the aerosol optical thickness using this approach are shown in Table 
7-14.
From Table 7-14, it can be seen that in case that there was a significant change in 
the visibility values at 10:00 and 11:00 GMT, the values o f  the derived aerosol 
optical thickness are different between using the interpolated values and the 
maximum hourly value.
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Aerosol optical thickness using Turner and Spencer (1972) chart
and Vm- V
Image date TM 1 T M 2 T M 3 T M 4
Lower Thames Val ey area (London Heathrow A irport region)
12-April-84* 0.25 0.22 0.20 0.18
5-Mar ch-85 at V=7.7 km* 0.64 0.59 0.50 0.40
5-March-85 at V=12 km** 0.45 0.41 0.34 0.28
17-May-85* 0.43 0.40 0.32 0.27
2-June-85* 0.24 0.21 0.19 0.17
4-July-85 at V=7.5 km* 0.64 0.60 0.51 0.40
4-July-85 at V=10 km** 0.52 0.48 0.40 0.32
29-Sept-85* 0.71 0.60 0.52 0.42
8-Oct-85* 0.19 0.17 0.16 0.13
24-Oct-85* 0.63 0.57 0.49 0.38
9-Nov-85* 0.29 0.26 0.23 0.19
13-Febr-86* 0.54 0.50 0.42 0.34
8-March-86* 0.80 0.72 0.62 0.49
28-June-86* 0.81 0.75 0.62 0.49
Paphos area (Paphos Airport region-Cyprus)
3-June-1985* 0.41 0.38 0.31 0.22
* visibility value at the time of satellite overpass (interpolated values) 
** visibility value at 11.00 GMT (maximum from 10.00-11.00 GMT)
Table 7-14. Estimates of tbe aerosol optical thickness using Figure 7-3 and 
by considering that the Vm=V
An alternative way to calculate the aerosol optical thickness is to  use the values 
given by McClatchey et al. (1971) and Tanre et al. (1979). These values have 
been obtained from experimental and field measurements to  obtain the relationship 
between the visual range and optical thickness at certain wavelengths (Table 7-2). 
It is apparent that the central wavelengths given in Table 7-2 do not exactly 
matched the TM  central wavelengths, but they are close. It is important to 
estimate the aerosol optical thickness with sufficient accuracy since the aerosol 
optical thickness has a significant influence on the atmospheric path radiance. 
Firstly, assuming those wavelengths appearing in Table 7-2 correspond to TM  1, 
2, 3, 4 that is 0.45pm «0.48pm , 0.55pm «0.57 pm, 0.65pm «0.66 pm, an 
interpolation was carried out using the values o f  for every wavelength at
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assumed visibility values o f 5, 10, 23 and 30 km. Estimates from this case are 
shown in Table 7-15 .
Aerosol optical thickness using Tanre et ah (1979) values and V ^-V
Image date T M l T M 2 TM 3 TM 4
Lower Thames Valley area (London î eathrow airport region)
12-ApriI-84 0.24 0.20 0.17 0.18
5-March-85 0.79 0.66 0.56 0.44
17-May-85 0.58 0.48 0.41 0.32
2-June-85 0.23 0.20 0.17 0.13
4-July-85 0.80 0.67 0.57 0.44
29-Sept-85 0.83 0.70 0.59 0.46
8-Oct-85 0.18 0.15 0.13 0.10
24-Oct-85 0.77 0.64 0.55 0.42
9-Nov-85 0.32 0.26 0.23 0.17
13-Febr-86 0.72 0.60 0.51 0.40
8-March-86 0.88 0.74 0.63 0.49
28-June-86 0.91 0.76 0.65 0.50
Paphos area (Paphos airport region-Cyprus)
3-June-1985 0.52 0.43 0.37 0.28
Table 7-15. Estimates of the aerosol optical thickness using Table 7-2.
Secondly, an interpolation was carried out to find the aerosol optical thickness at 
the TM central wavelengths i.e. at 0.48, 0.57, 0.66 and 0.84 \xm. The calculated 
aerosol values for visibility values o f  5, 10, 23 and 30 km at those wavelengths are 
shown in Figure 7-6. Based on the exponential derivation o f the visibility concept 
(Turner, 1973) an exponential curve was fitted to the values given in Table 7-16. 
The exponential equation (Aerosol optical thickness=exp(-k.X)) that 
corresponded to wavelength was used to estimate the aerosol optical thickness 
with more accuracy than the previous techniques. Calculated aerosol optical 
thicknesses are presented in Table 7-17.
7-38
Aerosol optical thickness for various visual ranges (Ivm)
X (pm) 5 10 23 30
0.48 0.8854 0.6374 0.26651 0.16801
0.57 0.7577 0.5407 0.2281 0.1452
0.66 0.6600 0.4699 0.1987 0.1239
0.84 0.5151 0.3680 0.1550 0.0970
Table 7-16. Visual range values at Landsat TM central wavelengths i.e. 0.48, 
0.57 pm, 0.66 pm, 0.84 pm based on Table 7-2.
Aerosol optical thickness using Figure 7-6 and Kv“ F
Image date T M l TM 2 T M 3 T M 4
Lower Thames Valley area (London Heathrow Airport region)
12-April-84 * 0.22 0.19 0.17 0.13
5-March-85 at V=7.7 km * 0.74 0.63 0.56 0.43
5-March-85 at V=12 km ** 0.56 0.48 0.42 0.32
17-May-85 at V=13.2 km * 0.51 0.44 0.39 0.30
17-May-85 at V=15 km ** 0.46 0.39 0.34 0.26
2-June-85 * 0.22 0.19 0.16 0.12
4-July-85 at V=7.5 km * 0.75 0.64 0.56 - 0.43
4-July-85 at V=10 km ** 0.64 0.54 0.48 0.37
29-Sept-85 at V=6.9 km * 0.78 0.67 0.59 0.45
29-Sept-85 at V=9 km ** 0.68 0.58 0.51 0.39
8-Oct-85 * 0.09 0.07 0.06 0.05
24-Oct-85 * 0.72 0.61 0.54 0.42
9-Nov-85 at V=21.8 km * 0.29 0.25 0.22 0.17
9-Nov-85 at V=25 km ** 0.23 0.20 0.18 0.13
13-Febr-86 * 0.68 0.58 0.51 0.39
8-March-86 at V=5.9 km * 0.84 0.71 0.63 0.48
8-March-86 at V=8 km ** 0.73 0.62 0.55 0.42
28-June-86 * 0.86 0.74 0.65 0.50
Paphos area (Paphos Airport region-Cyprus)
3-June-1985 * 0.46 0.39 0.34 0.26
* visibility value at the time of satellite overpass (interpolated values) 
** visibility value at 11.00 GMT (maximum from 10.00-11.00 GMT)
Table 7-17. Estimates of the aerosol optical thickness using Figure 7-6 and 
Table 7-16
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Assumption 2: Vm~ (1.3+0.3) V=1.6 V
In the second set o f calculations, the visibility values (V) were multiplied by 1.6 in 
order to get the visual range or meteorological range (Vm ) (Table 7-18). For 
visibility values up to 30 km the table provided by Tanre et al., (1979) was used 
since more accuracy was obtained than by extracting the values using Turner and 
Spencer's (1972) chart. Moreover, the central wavelengths presented in the chart 
are close to the central wavelengths o f Landsat TM. Table 7-16 was used to 
extract the aerosol optical thickness (up to  30 km). For visual range greater than 
30 km. Turner and Spencer's (1972) chart was used. The estimated values are 
shown in Table 7-19.
Image date V(km)
10:00
V(km) 
a t satellite 
overpass
V(km}
11:00 10:00
V(km) 
at satellite 
overpass
Fv (km) 
11:00
12-April-84 25 25.8 27 40 41 3 43.2
5-March-85 5 1.1 12 8 12.3 19.2
17-May-85 12 13.2 15 19.2 21.1 24.0
2-June-85 25 26.2 28 40 41.9 44.8
4-July-85 6 1.5 10 9.6 IZO 16.0
29-Sept-85 5 6.9 9 8 11.0 14.4
8-Oct-85 40 40 40 64 64 64.0
24-Oct-85 7 8.1 10 11.2 13 16
9-Nov-85 20 21-8 25 32 34.9 40
13-Febr-86 9 9 9 14.4 14.4 14.4
8-March-86 4.5 5.9 8 7.2 9.4 12.80
28-June-86 5 5.4 6 8 8 6 9.60
3-6-85 15 15 15 24 24 24
Table 7-18. Estimates of the visual range values Vm using the 
approximation Vi^(1.3+0.3) V
7-40
Aerosol optical thickness using Figure 7-6 <30 km) 
and Figure 7-2 (F,/ >30 km) 
for the case where V^f-(1.3+0.3) V
Image date T M l T M 2 TM 3 T M 4
Staines area (London Heathrow airport region
12-April-84 0.15* 0.13* 0.11* 0.10*
5-March-85 0.54 0.47 0.41 0.31
5-March-85 at Fu=7P.2 km at 11:00 GMT 0.34* 0.30* 0.26* 0.20*
17-May-85 0.30* 0.26* 0.23 * 0.23*
2-June-85 0.18 0.16 0.15 0.12
2-June-85 at Vm=44.8 km at 11:00 GMT 0.13* 0.12* 0.11* 0.10*
4-July-85 0.56 0.48 0.42 0.32
4-July-85 at Vm=16 km at 11:00 GMT 0.43* 0.36* 0.32* 0.25 *
29-Sept-85 0.71 0.61 0.54 0.41
29-Sept-85 at Vm=14.4 km at 11:00 GMT 0.47* 0.41* 0.36* 0.27*
8-Oct-85 0.11* 0.10* 0.09* 0.08*
24-Oct-85 0.52 0.45 0.39 0.30
24-Oct-85 at Vm=16 km at 11:00 GMT 0.43* 0.36* 0.32* 0.25 *
9-Nov-85 0.20 0.18 0.15 0.13
9-Nov-85 at Vm-40 km at 11:00 GMT 0.12* 0.10* 0.09* 0.07*
13-Febr-86 0.47* 0.41* 0.36* 0.27*
8-March-86 0.66 0.56 0.50 0.38
8-March-86 Vm=12.8 km at 11:00 GMT 0.53* 0.45* 0.40* 0.30*
28-June-86 0.70* 0.59* 0.52* 0.40*
Paphos area (Paphos airport region-Cyprus)
3-June-1985 0.25* 0.21* 0.19* 0.14*
T able 7-19. Estim ates of the  aerosol optical thickness using F igure 7-6 
(Table 7-16) and  F igure 7-2 (>30 km). Values marked (*) are 
suggested by the writer after running the Turner and Spencer, 1972 
model and check which produces without any unreliable results 
(negative values of corrected reflectance).
Water vapour optical thickness
According to  Forster (1984) the w ater vapour absorption is significant only in the 
N IR  region. Forster (1984) considers the effect o f w ater vapour only for MSS 
band 3 (0.7-0.8 pm) and band 4 (0.8-1.1 pm). MSS band 4 corresponds 
approximately to TM  band 4 (0.76-0.90 pm).
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Using Table 7-3 and Table 7-4, provided by Forster (1984), the equivalent mass 
o f liquid w ater and then the w ater vapour optical thickness were calculated (see 
Table 7-20) for both at interpolated satellite overpass and at the dates in which 
there a was a significant change in the RH between 10:00 to  11:00 GMT.
Image date Equivalent mass of liquid 
water (g/cm^) (mass of 
vapour contained in cross 
sectional area)
W ater vapour optical thickness 
for TM 4
Staines area (London Heathrow airport region)
12-April-84 1.49 0.060
5-March-85 1.37 0.055
5-March-85 * 1.40* 0.056*
17-May-85 2.33 0.090
2-June-85 2.56 0.097
2-June-85* 2.30* 0.089*
4-July-85 3.40 0.118
4-July-85 * 3.20* 0.114*
29-Sept-85 2.98 0.109
29-Sept-85* 3.10* 0.112*
8-Oct-85 1.33 0.053
24-Oct-85 1.51 0.060
24-Oct-85* 1.37* 0.055*
9-Nov-85 2.24 0.087 .
9-Nov-85* 3.66* 0.123*
13-Febr-86 0.71 0.028
8-March-86 1.33 0.053
28-June-86 3.45 0.119
Paphos area (Paphos Airport region-Cyprus)
3-6-85 > 3.42 0.118
Table 7-20. Estimates of the equivalent mass of liquid water and water 
vapour optical thickness for TM band 4 using tables provided 
by Forster (1984) (Table 7-3 and Table 7-4). Values marked 
as * correspond to the values o f RH at 11.00 GMT.
The alternative way to get the those parameters is by using the charts provided by 
McClatchey et al. (1971). Using Figure 7-5, the equivalent mass o f liquid w ater
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was found per km path length. Since the w ater vapour is concentrated in the 
lower atmosphere (2-3 km) (Fraser, 1975; Chahine, 1983; Vermote, 1996; 
Vermote et al., 1997b and c), the path length o f 2.5 km is assumed to be 
appropriate (Forster, 1984). The equivalent masses o f liquid water, the water 
vapour transmittance and the optical thickness are presented in Table 7-21. The 
transmittance extracted from Figure 7-4a, was taken to be at the central 
wavelength (0.84 pm) o f  TM  4.
Image date W ater vapour mass 
per cm^ per 
atmospheric height
W ater 
vapour 
mass per 
cm^
Transmittance W ater vapour 
optical 
thickness at TM 
band 4
g/cm^/km g/cm^ T H2flTM 4 *
Lower Thames Valley area (London Heathrow Airport region)
12-April-84 0.48 1.20 0.92 0.056
5-March-85 0.52 1.30 0.90 0.050
17-May-85 0.90 2.25 0.89 0.093
2-June-85 0.92 2.30 0.88 0.105
4-July-85 1.40 3.50 0.85 0.133
29-Sept-85 1.20 3.00 0.86 0.081
8-Oct-85 0.51 1.28 0.90 0.051
24-Oct-85 0.60 1.50 0.89 0.047
9-Noy-85 0.90 2.25 0.88 0.041
13-Febr-86 0.28 0.70 0.94 0.022
8-March-86 0.50 1.25 0.91 0.046
28-June-86 1.40 3.50 0.84 0.133
Paphos area (Pap hos Airport region-Cyprus)
3-6-85 1.40 3.50 0.84 0.133
* w ater vapour optical thickness is calculated by assuming that the w ater vapour 
transmittance is equal to: = exp[- /co s(% )j
Table 7-21. Estimates of the equivalent mass of liquid water and water 
vapour optical thickness using prediction charts extracted from  
Mclatchey et al, (1971)
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7.L6 Rayleigh optical thickness
M ost researchers use one o f the relations reported in Table 7-1 to determine the 
Rayleigh optical thickness, with or without a pressure correction. The well- 
established computation o f  the Rayleigh optical thickness is shown by Table 7-22 
in which sample Rayleigh optical thickness relations for the first four TM bands 
are shown to give very closed estimates.
Rayleigh optical thickness for central wavelength of TM hands 1,2,3,4 (ignoring
pressure correction)
j  (Zibordi and Maracci, 1988)
T M l 0.1638
TM 2 0.0851
TM 3 0.0467
TM 4 0.0176
= 0 . 0 0 8 7 9 . ^ (MacFarlane and Robinson, 1984)
TM 1 0.1575
TM 2 0.0832
TM 3 0.0463
TM 4 0.0176
0 . 0 0 8 5 6 9 . ^.(l  + 0.0113.;ic ^ +0.00013.2^ (Kaufinan, 1989)
T M l 0.1613
TM 2 0.0841
TM 3 0.0463
TM 4 0.0174
Table 7-22. Estimates of the Rayleigh optical thickness for TM  hands 1, 
2, 3 and 4 using some relations reported in the literature.
Air density is proportional to pressure, and therefore the optical thickness between 
the top o f the atmosphere and at a point which the pressure is P can be found 
using any o f  equations presented in Table 7-1. For this study, the relation given 
by Kaufman (1989) was used.
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t X p , K )  = ^[o.008569. V ' ‘ (l + 0.0113.V'' +0.00013. A / ) ]
where
rr{P,K)
^0
p
is the Rayleigh optical thickness
is a standard pressure o f 1013.25 mbars
is the pressure for the required level o f  the study area, 
is the central wavelength
A correction to  the Rayleigh optical thickness is applied for each image using the 
correction factor from equation (7-30). The correction factor k  is shown in Table 
7-23 for very image based on the atmospheric pressures given on Table 7-8.
im age date k=P/10J3,25
Lower Thames Valley area (London Heathrow Airport region)
12-April-84 1.010
5-March-85 1.010
17-May-85 1.010
2-June-85 1.011
4-July-85 1.003
29-Sept-85 1.013
8-Oct-85 1.004
24-Oct-85 1.015
9-Nov-85 1.076
13-Febr-86 1.009
8-March-86 1.012
28-June-86 1.012
Paphos area (Paphos Airport region-Cyprus)
3-June-85 0.995
Table 7-23. Correction values k(P) for Rayleigh optical thickness
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7.1.7 Extraction of single scattering phase function
The single scattering phase function (see Chapter 2) was obtained from Figure 7- 
1. As the aerosol scattering phase function changes only a small amount with 
wavelength, the plot for 1=0.7 |im  was used for all wavelengths (Forster, 1984). 
To avoid any possible errors from extracting the aerosol optical from Figure 7-1, 
it was assumed that from scattering angles 30°-105° a second order polynomial 
equation (log^^ = a .x^ - b . x  + c w ith r^=0.99) could be fitted based on some 
clearly identified points taken from the graph. For angles between 135-150, a 
linear relationship was fitted and the aerosol scattering phase function for 18O°-0o 
was estimated. For angles between 105-135°, the aerosol optical thickness was 
taken directly from Figure 7-1 since the aerosol phase function is approximately 
constant in this range.
Aerosol single scattering phase function (Turner et al.., 1971)
Image date F«(M
at 0 0  (forward direction)
Pa(-po)
at 18O°-0o (backward direction)
Staines area (London Heathrow Airport region)
12-April-84 0.91 0.050
5-March-85 0.38 0.070
17-May-85 1.92 0.084
2-June-85 2.32 0.095
4-July-85 2.26 0.093
29-Sept-85 0.47 0.072
8-Oct-85 0.39 0.070
24-Oct-85 0.29 0.072
9-Nov-85 0.23 0.078
13-Febr-86 0.25 0.078
8-March-86 0.38 0.070
28-June-86 2.23 0.092
^aphos area (Paphos Airport region-Cyprus)
3-6-85 4.17 0.135
Table 7-24. Estimates of the aerosol single scattering phase function based 
on Turner et ah (1971) relation (Figure 7-1)
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An alternative approach is to  use the two-term Henyey and Greenstein (TTHG) 
function (see equation 7-15) which was found to  agree with Mie theory (Gilabert 
et al., 1994) Continental aerosols particles were assumed, therefore the following 
asymmetry factors were used: a=0.978, gi=0.884, g2=-0.749. The aerosol single 
scattering phase functions are presented in Table 7-25.
Aerosol single scattering phase function (using TTHG)
Image date P»(Pn) Pa(-po)
at 0n at 1 8 0 ^ . 0 0
Staines area (London Heathrow airport region)
12-April-84 0.48 0.065
5-March-85 0.24 0.063
17-May-85 0.95 0.081
2-June-85 1.14 0.088
4-July-85 1.12 0.087
29-Sept-85 0.28 0.062
8-Oct-85 0.25 0.063
24-Oct-85 0.20 0.065
9-Nov-85 0.16 0.068
13-Febr-86 0.17 0.066
8-March-86 0.24 0.063
28-June-86 1.10 0.087
^aphos area (Paphos Airport region-Cyprus)
3-6-85 2.159 0.121
Table 7-25. Estimates of the aerosol single scattering phase function using 
TTHG function ((7-15)).
7.1.8 Background reflectance
For the determination o f the background reflectance, the image-based technique 
for urban areas described by Forster (1984) was used. This was based on the 
assumption that the relation between the reflectance and DN is linear. Different 
surfaces preferably o f  very low reflectance and o f very high reflectance were used. 
By interpolating for average response over the study area, an approximate
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estimate o f  background reflectance was obtained. One value o f background 
reflectance in each band was assumed for the whole o f the urban area under study. 
The Heathrow area was treated as an urban area and the following surfaces (25 
pixels in each AGI) were selected for the computation o f background reflectance
♦ high reflective land for example concrete runways and aprons at Heathrow 
Airport (bright object)
♦ golf course consisting grass, coniferous and non-coniferous trees at Ashford 
(close to Queen Mary reservoir)
♦ asphalt surfaces from M25 and M3 which highway cross the study area
♦ lake w ater fl*om Longside lake.
The above surfaces were selected in order to compute approximately the average 
value o f the at-satellite reflectance o f the surrounding land. Then by inserting this 
average background reflectance in the Turner and Spencer (1972) model, 
background reflectance value was corrected for attenuation (see Equation (7-8)) 
before being subtracted from the at-satellite target radiance as a part o f 
atmospheric path radiance.
For the area in the vicinity o f Paphos Airport (Cyprus image) the following AOI's 
were selected the calculate the background reflectance:
♦ concrete runways and aprons at Paphos Airport
♦ green vegetation in the west side o f  Asprokremmos Dam
♦ w ater from Mavrokolimbos Dam
♦ dense vegetation near the Asprokremmos Dam
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Background reflectance estimates using Forster (1984) technique
Image date T M l T M 2 TM 3 T M 4
Lower Thames Valley area (London Heathrow A irport region)
12-April-84 0.139 0.122 0.120 0.199
5-March-85 0.146 0.116 0.115 0.169
17-May-85 0.156 0.135 0.124 0.232
2-June-85 0.138 0.132 0.128 0.218
4-July-85 0.176 0.155 0.149 0.227
29-Sept-85 0.165 0.142 0.151 0.198
8-Oct-85 0.153 0.134 0.127 0.201
24-Oct-85 0.164 0.133 0.126 0.164
9-Nov-85 0.153 0.123 0.117 0.177
13-Febr-86* 0.214 0.168 0.1695 0.155
8-March-86 0.163 0.134 0.138 0.165
28-June-86 0.156 0.135 0.124 0.232
Paphos area-Asprokremmos dam (Paphos Airport region-Cyprus)
3-June-1985 0.167 0.156 0.185 0.221
* only concrete runways, asphalt road and lake were been used to compute the 
background reflectance since there were snow-free surfaces
Table 7-26. Background reflectance values determined according to Forster 
(1984).
7.1.9 Application o f the Turner and Spencer (1972) model and meteorological data 
to Landsat TM images o f the Lower Thames Valley area
An example o f  how the correction was applied for satellite images is given by 
Forster (1984) for the case o f Landsat MSS data. Forster considers the case o f a 
Landsat 2 MSS images o f an urban area in Sydney, Australia, in the wavelength 
range o f 0.8 to  1.1 \m .. Based on the worked example given by Forster, the 
calculation procedure has been partially adjusted by the writer for use with 
Landsat TM. The modified procedure is applied here to a TM  band 4 image o f 
the Lower Thames Valley area acquired on 5th o f  March, 1985. The procedure is 
presented in 23 steps.
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Atmospheric correction procedure: 
Step 1. Image characteristics
Date: 5 March 1985
Time: 10.29 (HH.MM) G.M.T (Greenwich Mean Time)
Satellite: Landsat -5
Sensor: TM
Band TM band 4 (G.76-G.9G|rm)
Step 2. Meteorological parameters
Obtain the temperature, relative humidity, pressure, visibility for overpass time 
and average height above sea level from the nearest airport.
Temperature: 5.96 T
Relative Humidity: 79.7%
Atmospheric Pressure: 1023.6 mbars
Visibility: Vm=V=1.1 km (interpolated value at 10.29 GMT)
Altitude: 24.4 m (above sea level)
Step 3, Calculate the solar zenith angle (0o)
The solar zenith angle can be found either from the header file o f  the image or 
using basic solar trigonometry presented by Dozier and Strahler (1983) and 
Kuman et al. (1997).
00=61.79° and po=0 473
Step 4. W ater vapour optical thickness
Using Table 7-3, by interpolation, for temperature=5.96  ^C and R.H=79.7 %, the 
equivalent mass o f liquid water is 1.63 g cm*^
Using Table 7-4 and by interpolation.
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Step. 5 Ozone Optical thickness
Select the ozone optical thickness as either 0.03 for TM  bands 1, 2 or 0 for TM 
bands 3, 4.
=  0.00
Step 6: Aerosol optical thickness
Use the visibility value from step 2 and Figure 7-2 to find the aerosol optical 
thickness.
T = 0.40
Step 7. Rayleigh optical thickness
Use either Figure 7-2 or use the following equation:
rXP.k) = y  [o.008569.A/\(l + 0.0113.A,“" + 0.00013. = 0.02
P  1023.6
T .  = 0.02
Step 8: Total normal optical thickness
Sum the results obtained from steps 4, 5, 6, 7 in order to  get the total normal 
optical thickness :
T = 0.48
Sum the results from steps 6 and 7 to get the optical thickness from Rayleigh and 
Mie scattering i.e.
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Tq = 0.42
Step 9. Downward Atmospheric Transmittance
The atmospheric transmittance (downward) from the top o f  the atmosphere to  the 
target is given by the following equation:-
~  G x p ( -  t/ c o s ^ o)
The downward atmospheric transmittance was found to  be equal to
= 0.37
Step 10. Solar irradiance at the top of the atmosphere
Obtain the spectral solar irradiance at the top o f the atmosphere for the 
appropriate wavelength (see Chapter 4).
For TM  band 4, the spectral solar irradiance is
= 1047 W.m  ^.[jm
Then, multiply by the Landsat TM bandwidth (for TM 4 this is 0.128 \m )  to 
get i.e. E^ = (1047). (0.128) = 134.02 W .rn^
Ef, = 134.02 W.m -2
Step II . Rayleigh single scattering phase function
For nadir viewing satellite systems, 9^ = 0° and y  = 180°-^^, therefore the single 
Rayleigh scattering phase function will be the same for both jUq (direction o f 
forward scattering))and -  (direction o f backward scattering). From  equation 
(7-12),
= 0.92
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Step 12. Aerosol single scattering phase function
Enter Figure 7-1 at and 180° - ^ q to  obtain the aerosol single scattering phase 
function: -
Step 13. Total Single scattering phase function, P (po)
Substitute the values o f phase functions found in steps 11 and 12 into the equation 
(7-16).
P { -  jUqJ = 0.060
Step 14. Background reflectance
Compute the background reflectance using one o f the methods described in 
section 7.1.4. The image-based technique proposed by Forster (1984) is used by 
relating DN to reflectance (Figure 7-8) based on selected features in the scene. 
The features shown in Table 7-27 have been selected for the Lower Thames 
Valley area image.
Mean Digital number in an 
ACT (DN)
Mean Reflectance in an AOT
Targets ^5-20 pixels) T M l TM 2 TM 3 TM 4 T M l TM 2 TM 3 TM 4
concrete (airport) 81.2 39.4 47.2 46.2 0.212 0.204 0.235 0.257
asphalt highway (M25) 56.2 21.2 21.5 23.7 0.134 0.098 0.094 0.110
lake (Longside lake) 47.7 15.2 12.1 8.2 0.111 0.067 0.048 0.033
Golf park (grass, trees) 53.5 21.5 19.4 53.1 0.125 0.098 0.082 0.281
R b 0.146 0.116 0.115 0.169
Table 7-27. DN and reflectance values for the first four TM bands of 5/3/85 
image.
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Then by averaging the at-satellite reflectance o f the selected features, from Table 
7-27, for TM  band 4 an approximate estimate o f R b can be obtained.
for TM4, R b = 0.17
Step 15. Calculate parameter n
Calculate n  from equation (7-10), using values obtained from steps 6 and 7.
n  = 0.93
Step 16. Calculate the functions F, G, H
Calculate the functions F, G, H  o f  equation (7-8) using the values o f n  (step 15), 
//q (step 3), To (step 8), p (//q ) and e ( - / / q )  (step 13) and R b (step 14)
F  = 0.00173
G = 0.02554 
77 = 0.16129
Step 17. Atmospheric path radiance
Calculate the atmospheric path radiance from equation (7-8), using calculated 
values o fF , G, H  (step 16), (step 4), Tq (step 5) and (step 10).
Lp = 0.77 W .m ^.sr
Step 18. Calculate I , J
Calculate /, J i n  equation (7-18), using values o f jUq (step 3), Tq (step 8), n  (step 
15) and 77 step (16).
' 7 = 0.45
J  = 0.057
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Step 19. Global irradiance
Calculate the global irradiance ( F ^ )  using equation (7-18) and values o f ^ 
(step 4), To (step 5) and F^ (step 10), /a n d  J  (step 18) an d /7  (step 16).
Eo=SinW.m -2
Step 20. Atmospheric upward transmittance for a nadir viewing satellite
Calculate the target to  the sensor (upward) atmospheric transmittance.
= exp(- r/co s^^) = 0.62
Step 21. Calibration coefficients
Extract the calibration coefficients (see Table 4-15). The in-band calibration can 
be calculated by multiplying the coefficients shown in Table 4-15 by the 
bandwidth. For example, for TM4 the calibration offset is -1.942 
and to  find the offset in-band value, it must be multiplied by the bandwidth 
{AX=0.128 jLon) such as:-
(-1 .942 W.m~^.sr~^. jLor!).{^12% jurn) = -0.248 W .n f^  .sr~^
ao in-band ao «1 in-band a .
W.m~.sf^ W. m^. s f \ D N \  /m ^ W m \s f \D I P '
-1.942 -0.248 0.885 0.113
Table 7-28. In-band calibration coefficients for Landsat TM  band 4
Step 23: Reflectance {%) as a function o f count value for each band
From equation (7-26) and by using the values o f  Lp (step 17), F ^  (step 19),
t (o^  (step20) and the in-band calibration coefficients, calculate the reflectance as 
a function o f DN
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p,^  = 0.0882(0.113Z)Af - 1.02)
Multiply by 100 to obtain the percentage reflectance, /?_%
A / / o  = 0 .1 0 D V % -43.66
7.1.10 Application to Landsat T M  images o f  Low er Tham es Valley reservoirs and  
Cyprus area.
The assumptions and simplifications o f  the Turner and Spencer (1972) model and 
Forster (1984) method for application to the available Landsat TM  images are:
♦ Atmospheric effects in the region from 0.45-0.90 pm  were solely caused by 
Rayleigh and aerosol scattering. W ater vapour absorption was considered 
significant only in the near-infrared (0.76-0.90 pm) o f  the spectrum.
♦ The atmosphere was assumed plane-parallel and homogeneous.
♦ The optical state o f the atmosphere was described by the visual range at the 
surface. This assumed that atmospheric attenuation was dominated by the 2-5 
km above sea level.
♦ The target reflectance was perfectly diffused (Lambertian).
♦ The Lower Thames Valley area was considered as one area and the 
background reflectance was calculated as an average value o f the main features 
in this area.
Based on the above procedure, and by combining most o f  the sources o f 
describing the visibility concept for determining the aerosol optical thickness and 
aerosol phase functions, shown in Sections 7.1.5 and 7.1.7, four cases have been 
investigated :-
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Case 1:
The 23 step procedure described above was followed except
p X p ) Results
V m = V  ( k m )  
from Figure 7-2
Figure 7-1 Forster (1984) 
(equation (7-16))
Appendix 14
Case 2:
pX p ) P{Po) Results
Vm=(1.3+0.3) V(km)
from Table 7-17 (up to 30km)
and Figure 7-1 (VM^30km)
Figure 7-1 
(Turner et al., 
1971)
from equation (7-17) Table 7-29
Case 3:
p X p ) p { + )
Results
Vm=(1.3+0.3) V(km) 
from Table 7-17 (up to 
30km) and Figure 7-1 
(Wi>30km)
♦ TTHG function
♦ see equation ((7-15))
♦ Continental aerosols 
are assumed
equation (7-17) Table 7-29
Case 4:
Following the same procedure as in Case 2, except in step 14, where the 
background reflectance was taken as zero. This was performed in order to
examine the contribution o f  R b to the at-satellite signal. Results are presented in 
Appendix 14.
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Image
date
Band T T W T(04 Ed Edircct Eg
(W.nP)
Lp
12-4-84 T M l 0.34 0.604 0.710 24.62 54.60 79.22 2.19 2.17*
TM2 0.24 0.697 0.783 23.70 71.18 94.87 1.46 1.46*
TM3 0.16 0.794 0.855 11.72 56.68 68.40 0.64 0.65*
TM4 0.18 0.770 0.837 13.94 70.51 84.45 0.55 0.57*
5-3-85 T M l 0.53 0.324 0.587 30.77 21.08 51.85 1.98 1.92*
TM2 0.41 0.416 0.660 33.34 29.92 63.27 1.40 1.35 *
TM3 0.31 0.523 0.736 20.03 26.17 46.20 0.68 0.66*
TM4 0.27 0.562 0.761 22.08 36.00 58.08 0.61 0.59*
17-5-85 T M l 0.49 0.539 0.611 36.39 58.03 94.42 2.99 2.85 *
TM2 0.37 0.625 0.687 36.65 75.50 112.14 2.13 2.03 *
TM3 0.28 0.707 0.758 20.92 59.96 80.47 1.01 0.97*
TM4 0.28 0.706 0.758 20.14 76.35 96.49 1.02 1.22*
2-6-85 T M l 0.32 0.675 0.724 24.24 73.85 98.09 2.62 0.80 *
TM2 0.24 0.752 0.791 23.50 93.05 116.55 1.80 0.54*
TM3 0.16 0.827 0.855 11.98 71.57 85.56 0.81 0.27*
TM4 0.21 0.778 0.813 13.43 86.43 99.86 0.73 0.43 *
4-7-85 T M l 0.62 0.469 0.537 44.54 52.54 97.08 3.54 2.14*
TM2 0.47 0.561 0.622 45.06 70.05 115.11 2.62 1.44*
TM3 0.37 0.640 0.693 26.92 55.62 82.54 1.33 0.75*
TM4 0.38 0.628 0.683 26.57 69.92 96.48 1.35 0.98 *
29-9-85 T M l 0.66 0.290 0.515 37.78 21.78 59.56 2.33 1.45*
TM2 0.52 0.375 0.592 41.23 30.93 72.16 1.76 0.97*
TM3 0.41 0.468 0.666 25.72 26.75 52.48 0.94 0.53 *
TM4 0.40 0.474 0.671 27.57 34.57 62.14 0.87 0.59*
8-10-85 T M l 0.30 0.539 0.739 19.60 35.22 54.82 1.77 0.54*
TM2 0.21 0.645 0.807 19.33 47.41 66.74 1.18 0.32 *
TM3 0.14 0.756 0.872 9.68 38.84 48.52 0.52 0.15 *
TM4 0.15 0.735 0.860 12.40 48.38 60.79 0.41 0.20 *
Table 7-29. Case 2: Estimates o f atmospheric parameters. Values marked 
as (*) correspond to Case 3 in which TTHG function was used 
(Continued overleaf).
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Image
date
Band X m ) r w Ed Edirect Ec Lp Lp^
24-10-85 T M l 0.62 0.213 0.536 30.35 12.27 42.62 1.95 1.31 *
TM2 0.48 0.307 0.622 33.54 19.11 52.64 1.41 0.82 *
TM3 0.37 0.402 0.693 21.38 17.26 38.64 0.71 0.39 *
TM4 0.32 0.449 0.724 24.30 24.57 48.87 0.63 0.41 *
9-11-85 T M l 0.32 0.367 0.724 17.09 16.13 33.23 0.48 0.48*
TM2 0.22 0.505 0.802 17.24 24.67 41.91 0.24 0.24*
TM3 0.14 0.649 0.869 9.03 22.07 31.10 0.10 0.10*
TM4 0.21 0.519 0.809 14.34 22.65 36.99 0.11 0.11 *
13-2-86 T M l 0.66 0.153 0.515 28.17 8.32 36.49 2.01 1.25*
TM2 0.52 0.226 0.592 32.56 12.66 45.22 1.50 0.79*
TM3 0.41 0.316 0.666 21.32 12.02 33.384 0.79 0.41 *
TM4 0.32 0.409 0.729 23.92 19.62 43.54 0.61 0.32*
8-3-86 T M l 0.72 0.225 0.485 37.09 15.58 52.66 2.22 1.48*
TM2 0.56 0.311 0.568 40.91 23.33 64.24 1.66 0.94 *
TM3 0.45 0.397 0.640 26.28 20.59 46.87 0.89 0.50*
TM4 0.37 0.465 0.690 28.47 30.63 59.10 0.79 0.49 *
28-6-86 T M l 0.89 0.336 0.409 57.02 38.28 95.30 3.95 3.09*
TM2 0.70 0.422 0.494 60.20 53.12 113.31 3.06 2.06*
TM3 0.57 0.500 0.567 37.80 43.59 81.38 1.59 1.02*
TM4 0.54 0.519 0.585 37.13 58.09 95.22 1.93 1.49*
3-6-85 T M l 0.44 0.608 0.644 33.99 72.47 106.46 3.49 3.25 *
TM2 0.32 0.694 0.723 32.85 93.04 125.90 2.49 2.33 *
TM3 0.24 0.766 0.790 18.35 71.89 90.23 1.31 1.24*
TM4 0.28 0.733 0.759 16.66 87.80 104.46 1.02 0.98 *
Table 7-29. Continued 
Com m ents and  correction equations
By using both Vm = V and  Fm = L 9  V  and different sources o f  obtaining the single 
aerosol phase function and total single scattering phase functions, only Case 2 
produced results which were always acceptable (i.e. the calculated target
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reflectance was always positive). The correction equations extracted fl'om Case 2 
are presented in Table 7-30. The at-satellite reflectance (before correction) o f the 
an AOI in Queen Mary reservoir presented in Chapter 6, and the corrected target 
reflectance are presented in Table 7-31.
Image date Band Reflectance as a  function of DM
12-4-84 TM l = 0 .0 0 2 6 8 D V -0.1273
TM2 = 0 .0 0 4 7 5 D V -0.0696
TM3 = 0 .0 0 3 9 7 D A -0.0413
TM4 = 0 .0 0 5 0 3 7 )^ -0 .0 3 5 7
5-3-85 TM l =0.004957)7^-0.2132
TM2 Ag, =0.00843 D A -0.1195
TM3 A^3 = 0.00682DA  -  0.0749
TM4 Ag  ^ = 0 .0 8 0 4 8 D A -0.0608
17-5-85 TMl Ag3 = 0.002614DA -  0.1677
TM2 Ag, = 0 .0 0 4 5 7 D A -0.0944
TM3 Ag3 = 0 .0 0 3 8 0 D A -0.0585
TM4 Ag, = 0 .0 0 4 8 7 D A -0.0544
2-6-85 TM l Ag, = 0 .0 0 2 1 2 D A -0.1200
TM2 Ag, = 0 .0 0 3 8 3 D A -0.0678
TM3 Ag3 = 0 .0 0 3 2 5 D A -0.0414
TM4 A^, = 0 .0 0 4 3 8 D A -0.0379
4-7-85 TM l A^ 3 = 0 .0 0 2 9 0 A - 0.2189
TM2 Ag, = 0 .0 0 4 9 2 D A -0.1231
TM3 A^3 = 0 .0 0 4 0 5 D A -0.0800
TM4 Ag, = 0 .0 0 5 4 0 D A -0.0764
29-9-85 TM l A^3 =0.00491 a -0 .2475
TM2 Ag, = 0 .0 0 8 2 6 D A -0.1438
TM3 A^3 = 0.00664 D A  -  0.0964
TM4 A^  ^ = 0.008541DA -  0.0842
Table 7-30. Correction equations for Landsat-5 TM images using Case 2
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Image date Band Reflectance as a function of DM
8-10-85 T M l =0.00372 d a -0.14432
TM2 = 0.00654DA -  0.07977
TM3 A^ 3 = 0.00548DA -  0.04775
TM4 = 0.00681D A -0.03928
24-10-85 T M l A^ 3 = 0.0066DA -  0.27965
TM2 A ,^ = 0 .01077D A -0.15401
TM3 A^ 3 = 0.00866D A -0.09800
TM4 A ,^ = 0.01006DA -  0.07765
9-11-85 T M l A^ 3 = 0.0063DA -  0.22092
TM2 Ag, =0.01048DA-0.1155
TM3 A^ 3 = 0.00858D A -0.0677
TM4 Ag, = 0.011 8 9 D A -0.05676
13-2-86 T M l A^ 3 =0.00801D A -0.3500
TM2 Ag, = 0.0131 7 D A -0.1981
TM3 A^ 3 = 0 .01044D A -0.1293
TM4 Ag, = 0.0112 1 D A -0.08531
8-3-86 T M l A^ 3 = 0 .00589D A -0.28325
TM2 Ag, =0.00965D A -0.15925
TM3 A^ 3 = 0 .00774D A -0.10621
TM4 Ag, = 0.00872DA -  0.07991
28-3-86 T M l A^ 3 =0 .00386D A -0.32483
TM2 Ag, = 0.00629DA -  0.18208
TM3 A^ 3 = 0.11667 d a -0.12268
TM4 Ag, = 0.00639DA -  0.12268
3-6-85 T M l Ag3 = 0.00272D A -0.25685
TM2 Ag, = 0 .00464D A -0.15614
TM3 Ag3 =0.00378D A -0.11378
TM4 Ag, = 0.00449DA -  0.09543
Table 7-30. Continued
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At-satellite and corrected reflectance for water
Image date Reflectance T M 1 1 TM 2 T M 3 T M 4
Lower Thames Valley reservoirs in the Queen Mary reservoir (east part)
12-4-84 before correction (pt,) 0 108 0.073 0.052 0.032
after correction (ptg) 0.046 0.037 0.028 0.16
05-03-85* before correction (pi.0 OUT 0 080 0 055 0.035
after correction (ptg) 0.034 0.032 0.018 0.005
17-05-85 before correction (pt,) 0 123 0.088 0 062 0.050
after correction (ptg) 0.053 0.045 0.031 0.028
02-06-85 before correction (p,,) 0.098 0.064 0 042 0 026
after correction (ptg) 0.026 0.022 0.013 0.005
04-07-85 before correction (pt,) 0.137 0.107 0 000 0.103
after correction (ptg) 0.055 0.061 0.057 0.102
29-09-85 before correction (p,,) 0 133 0.096 0 060 0 044
after correction (ptg) 0.061 0.048 0.026 0 010
08-10-85 before correction (pt,) 0.137 0.104 0.081 0.073
after correction (ptg) 0.076 0.072 0.06 0.067
24-10-85 before correction (pt,) 0 158 0 115 0 006 0 084
after correction (ptg) 0 095 0.075 0.069 0.074
09-11-85 before correction (pt,) 0.138 0.091 0 064 0.031
after correction (ptg) 0.034 0.034 0.029 0.160
13-02-86 before correction (pt,) 0 163 0.115 0 089 0.046
after correction (ptg) 0.068 0.055 0.039 0.009
08-03-86 before correction (pt,) 0 124 0 085 0.063 0.036
after correction (ptg) 0.035 0.026 0 140 0.00
28-06-86 before correction (ptJ 0.142 0 105 0 082 0.066
after correction (pt^ 0.055 0.049 0.037 0.180
Table 7-31. Results before and after correction using Case 2 (Continued  
overleaf).
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Image date Reflectance TM  1 1 TM 2 T M 3 T M 4
Asprokremmos Dam (Paphos-Cypms))
03-06-85 before correction (p )^ 0.148 0.131 0 105 0.082
after correction (ptg) 0.047 0.071 0 045 0 030
Mavrokolimbos Dam (Paphos-Cypms)
03-06-85 before correction (pt,) 0.152 0.136 0.111 0.094
after correction (ptg) 0.053 0.080 0.054 0.050
Table 7-31. Continued
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7.2 ATCOR-2
A  spatially fast atmospheric correction algorithm for high spatial resolution 
satellite sensors (e.g. Landsat TM, MSS; SPOT HRV etc.) has been developed by 
Richter (1990, 1996, 1997). ATCOR is a computer program completely written 
in IDL (Interactive Data Language) and runs on UNIX-based workstations. It is 
also available for Windows 95/98 and Windows NT (http://www.geosystems.de/ 
/produkte/ atcor.html). It is fully integrated in the IMAGINE 8.3. Two versions 
o f  this algorithm have been released: ATCOR-2 (Richter, 1990; 1996) and 
ATCOR-3 (Richter, 1997). The latter is an extension to ATCOR-2 and calculates 
ground reflectance and surface temperature for flat te rra in .
ATCOR works from a catalogue o f atmospheric correction functions stored in 
look-up tables. The first edition o f the catalogue (Richter, 1990) was compiled 
using Lowtran-7 (Kneizys et al., 1988) and included only the case o f constant 
atmospheric conditions. The second edition o f the catalogue was compiled in 
1994 using the models Modtran-2 (see, Richter, 1997b) and SENSAT-5 (Richter, 
1997b) and included more options, including varying atmospheric conditions. 
Moreover, the range o f solar zenith angles was increased from 0° to  70° 
compared with 20-70° in the 1990 editions. In the third edition (1996), the range 
o f ground elevations was extended to 1.5 km and the visibility range to  80 km. 
The 1997 edition covers surface meteorological ranges from 5 to  120 km and 
ground elevations from 0 to 2.5 km above sea level.
7.2.1 Concept
The important parameters for an atmospheric correction are (Richter, 1997)
♦ aerosol type (e.g. rural, urban, maritime)
♦ visibility (aerosol concentration, optical depth)
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♦ humidity (spectral bands beyond 700 nm, e.g. TM bands 4 to  7)
In case whether, the above parameters are not available for the date and time o f 
image data acquisition. ATCOR-2 provides image-based options to determine 
such parameters using selection o f reference targets and iterative techniques for 
retrieving the surface reflectance.
The ATCOR-2 algorithm is implemented using the atmospheric functions which 
are stored on the atmospheric catalogues. The catalogue consists o f a broad 
range o f atmospheric conditions such as different altitude pressure profiles, air 
temperature and humidity and different aerosol types. The algorithm consists o f 
two parts: the interactive phase  in which the user defines reference pixels (in the 
case where no auxiliary data are available), haze and cloud pixels and then selects 
one o f  the available reference atmospheres; and the automatic phase  in which the 
algorithm automatically calculates the visibility image, performs a haze removal, 
and optionally, calculates the ground reflectance by including the adjacency 
correction (optional). However, the user can also specify the required information 
from other auxiliary data (e.g. meteorological data) and can use this information 
as input parameters in the ATCOR-2 model.
For immediate processing o f Landsat TM  images (Richter, 1990), a catalogue o f 
atmospheric functions has been compiled for different standard atmosphere, 
aerosols types, solar zenith angles and ground altitudes. W here no atmospheric 
data are available, the user must select known reference targets (e.g. lakes, 
concrete runways), and different aerosol types and visibility values can be selected 
until the reflectance o f the reference target is matched. However, when measured 
atmospheric data or other meteorological data are available, Richter (1990) 
reported that the accuracy with which the surface reflectance can be calculated, is 
increased . In the w orst case, where no reference targets appear in the scene a 
rough estimate o f the surface reflectance can be made (Richter, 1990).
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7.2.2 ATC0Rr2 Atmospheric Correction
The equations used by ATCOR-2 model are described in Appendix 15 based on 
the documentation provided by Richter (1990, 1996, 1997a and b). These 
equations are stored in the atmospheric catalogue as look-up tables.
Generally the steps o f the algorithm are;-
♦ In the first place, the algorithm after converting the DN to radiance and then to 
reflectance (there is an option for selecting the calibration offsets and gain 
which are more widely used for Landsat-5 TM), the model calculates the 
atmospheric path radiance and the associated atmospheric parameters (e.g. 
visibility, diffuse and direct transmittance) based on the use o f reference targets
♦ Then the surface reflectance is calculated. This is the case for uniform 
Lambertian surface described by Kaufinan (1985).
♦ However in the case o f non-uniform Lambertian surface, diffuse radiance is 
affected not only by the radiation reflected from the observed area, but also by 
radiation reflected from the observed area, but also by radiation fi*om the 
surrounding areas (i.e. adjacency effect). Based on the fact that adjacency 
effect depends on the reflectance differences o f neighbouring fields, Richter 
(1990,1996,1997a and b) suggests applying a low pass filter to the surface 
reflectance image first corrected as uniform Lambertian surface. This filter 
describes the average reflectance in the neighbourhood o f each pixel. This 
operation is implemented using an NxN (N= window size o f the filter, for 
example N=30 km) pixel low pass filter convolution filter which simply 
averages the values o f the pixels.
Richter (1997) reports that since the typical range o f  the background effect is 
from 500 to  1000m (from the central pixel o f an area o f  interest), the low pass 
filter size must be twice this range. This is because the pixel under investigation is
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in the centre o f  the filter. Therefore, a size o f filter 1-2 km (for Landsat TM: 33- 
67 pixels) must be selected.
Richter (1997) found in the ATCOR-2 algorithm in which for non-Lambertian 
surfaces, the algorithm subtracts fi*om the target reflectance the average values 
obtained firom, the use o f low pass filter is sufficient and it is better to select a 
reasonable range and suggests that for 1  km lake, 2  km filter is suitable than to 
employ a detailed model o f its range dependence.
7.2.3 Assum ptions
The following two assumptions are used by the ATCOR-2 model to perform a 
numerically fast atmospheric correction:
The small angle approximation: The angular dependence o f the radiance, 
transmittance functions can be neglected within the small swath angle range. For 
example, for Landsat TM with swath angle ±7.5°, the atmospheric correction 
functions Co, Cj and q  are evaluated for the nadir view (i.e. 0 v = 0 °).
Dependence o f  global irradiance on the ground reflectance is neglected. The 
atmospheric function that describes the atmospheric path radiance depends on the 
global irrradiance which itself slightly depends on the target reflectance. Richter 
(1996) provides a choice o f values for all the TM bands in order to calculate the 
atmospheric path radiance term in which is found to  be suitable for vegetation 
areas, soils o f low to medium DN and urban targets. Richter (1991) investigates 
the errors o f such approximations for the Landsat TM and MSS bands using a 
sensitivity analysis with respect to the reference case: nadir view and 30 % 
reflectance. Richter uses the following set o f  parameters given in Table 7-32 with 
respect to the reference in the sensitivity study:
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Atmosphere: -mid-latitude summer, rurahurhan/maritime aerosol 
-U.S Standard 1976, rural/urban/maritime aerosol 
-tropical, desert aerosol
Ground elevation: 0-1 km above sea level
Ground visibility: 5 km, 40 km
Solar zenith angle: 30°, 60°
Scan angle range: ± 7 ° with respect to nadir
Sensor view directions: nadir, solar direction (0v=7°, cp=0°), anti-solar direction 
(0v=7°, (p=180°)
Table 7-32. The atmospheric parameters used in the sensitivity analysis 
carried out by Richter (1991)
Richter (1991) found that the errors from the simplifying assumptions are <2 % in 
the 10-50 % ground reflectance range, except for band TM l in which the errors 
are greater. In the range o f 0-40 % ground reflectance, the use o f the linear 
relation between the at-satellite reflectance (measured) and ground reflectance 
produced smaller errors than when compared with the effect o f the scan angle was 
included. In the case o f low-reflectance targets (<10 %) targets in band T M l, 
neglecting the scan angle dependence gave larger relative errors, especially for 
urban aerosols. However, for high-reflectance (>50 %) targets, the effect o f  the 
scan angle approximation was found to be negligible. Richter (1991) mentions 
that the overall accuracy o f the method for 10 %, 20 %, 40 % ground reflectances, 
is 20-50 %, 10 % and 5 % respectively. These conclusions were based on a 
sensitivity analysis using a range o f aerosol type and models o f  the atmosphere.
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7.2.4 Type of atmosphere
The numerical values o f  the atmospheric functions described in the previous 
section are stored as look-up tables. The effect o f atmospheric scattering and 
absorption are included in these values. The aerosol and w ater vapour optical 
thickness are taken into account by using a wide range o f  atmospheric atmosphere 
types, which are presented below. The database o f ATCOR-2 contains the 
following
♦ D ifferent standard atmospheres: Altitude profiles o f atmospheric pressure, air 
temperature, w ater vapour content (relative humidity), ozone concentration are 
taken fi*om the M odtran-2 model. The w ater vapour density is used to identify 
the type o f the atmosphere, as indicated in Table 7-33.
Type of atmosphere W ater vapour content (g/cm^)
subarctic winter 0.3
midlatitude winter 0.7
fall (autumn) 0 . 8
US standard 1 . 1
arid (for thermal band) 1 . 6
subarctic summer 1.7
midlatitude summer 2.4
tropical 3.3
humid 4.0
Table 7-33. W ater vapour content for every atmosphere (A T C O R -2,1997)
♦ D ifferent type o f  aerosols: The following types o f aerosols are obtained from 
(Shettle and Fenn, 1979) as indicated in Table 7-34.
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Type of aerosol Description
rural represents the aerosol conditions that can be found in 
continental areas. These are not influenced by urban or 
industrial aerosol sources, and they consist of water soluble 
particles plus dust.
urban are the same as above, but are modified by the addition of 
aerosols from industrial sources and combustion products 
(industrial plus rural particles)
desert corresponds to dry sandy aerosol conditions in which ground 
visibility depends on tiie wind speed.
oceanic Lowtran oceanic aerosol
maritime sea-salt particles
Table 7-34. Definition o f the types of aerosols used by ATCOR-2 
(Richter, 1997b)
♦ Visibility values: A  range o f values (5, 7, 1 0 , 15, 23, 40, 80, 120 km) o f  
horizontal surface meteorological range (Vm)  is included in the catalogue. Any 
other value in between is calculated automatically by linear extrapolation.
♦ Range o f  ground elevations: Values from 0, 0.5, 1.0, 1.5, 2.0 and 2.5 km are 
included in the database for calculating the Rayleigh optical thickness elevation 
correction. These values correspond to atmospheric pressures o f 1010, 960, 
900, 850, 800 and 755 mbars respectively. Other intermediate values are 
calculated by interpolation
♦ Solar zenith angles: are calculated (or user defined) in steps o f 10°
The temperature and w ater vapour profiles are the tools that are used to  classify 
the types o f the atmospheres listed above. The atmosphere closest to the 
measured or assumed conditions o f the image must be selected. Richter (1996b) 
reports that a US standard atmosphere might be appropriate for a European image 
and is often appropriate for the spring or autumn season conditions in central 
Europe.
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7.2.5 Literature survey
The relevant literature that has been identified consists only o f the published 
documentation provided by Richter (Richter, 1990, 1996a, 1996b, 1997a, 1997b) 
with some examples o f application o f the method to Landsat TM and SPOT 
scenes. The sensitivity analysis (Richter, 1991) used to  judge the performance o f 
ATCOR-2 has been described in Section 7.2.3. It has been suggested by Richter 
(1991) that the algorithm is sufficient for a large range o f atmospheric conditions 
except in the case o f TM 1.
Richter (1997a and b) provides a discussion on the dependence o f the algorithm, 
advantages and limitations. Richter notes that the algorithm is dependent:-
♦ on the reflectance o f  the reference areas: There is a strong influence o f the 
derived optical depth on the assumed reflectance o f  the reference target.
♦ sensor calibration: based on the fact that the sensitivity o f satellite sensors 
changes with time, the pre-flight calibration constants cannot be used (see 
Chapter 4). This is because the degradation effect causes a decrease in the 
recorded radiance, and if the pre-flight calibration is used the apparent surface 
reflectance will be smaller than the true one and the optical thickness values 
obtained firom the reference targets will be reduced. ATCOR-2 contains the 
updated calibration values reported by other experimental works for all the 
sensors. It is also provide an option to include any new updated calibration 
values.
The advantages o f the algorithm are summarised below:-
♦ The optical thickness using information on the reflectance o f  reference surfaces 
in one spectral band can be determined fi*om image-based technique. For 
determining the optical thickness, two types o f reference surfaces are used, 
w ater or dense dark vegetation. These are available in large areas o f the world
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and dense dark vegetation is assumed to be an appropriate choice since its 
reflectance in the red band is relatively stable.
♦ A  second advantage that ATCOR-2 offers, according to Richter (1997a and b) 
is that by using the "spatially varying condition" module, the image may be 
partitioned into sub-regions in the scene and the optical thickness can be 
estimated also for regions where no reference pixels are present.
♦ Haze regions are identified and removed using a variety o f techniques. This 
enables the restoration o f the reflectance properties o f the underlying land- 
cover
♦ The atmospheric catalogue stores the RT calculations enabling a fast 
atmospheric correction algorithm.
♦ Provides correction to  the thermal band
Limitations o f the algorithm according to Richter (1997a and b) are listed below:
♦ the "spatially varying atmosphere" module cannot be used in the case where 
w ater and dense vegetation targets are not present. The user can specify a 
visibility value and the constant atmospheric conditions must be used.
♦ it assumes horizontal surfaces with Lambertian reflectance. This assumption is 
widely used. It will not have a significant effect on the atmospheric correction, 
except for viewing directions subject to specular reflection and back-scattering.
♦ Haze removal will not always work. It should be checked by comparing the 
statistical properties o f the hazy pixels after haze removal w ith those in the 
clear parts o f  the image
M oran et al. (1992) reports that ATCOR shows promise as a relatively simple 
correction with less computational effort than other models. They highlight that, 
up to 1992, ground-based measurements have not yet been performed to validate 
the accuracy o f this method. The present study fills this gap by assessment o f the 
suitability o f  this technique using ground measurements as presented in Chapter 
10.
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7.2.6 Application of ATCOR-2 to Landsat TM images of Lower Thames Valley area
In the first stage, the selection o f the appropriate model o f  the atmosphere, 
visibility (optical thickness) was obtained for every image.
Selection o f atmosphere, aerosol type and visibility using auxiliary data 
In this research, meteorological information are available at the time o f  satellite 
overpasses. This allows the use o f visibility values and the selection o f the type o f 
the atmosphere (using RH % and w ater vapour content) directly from the main 
menu o f ATCOR-2, w ithout using the "spectra option". Also, information about 
the industrial activities and other pollution sources in the Staines area are 
available. On the basis o f the local industrial activity (see Chapter 4), it was 
decided to adopt the "urban aerosol" in the reference atmosphere. Using the 
w ater vapour content obtained from Table 7-14, the following selections o f the 
type o f the atmosphere has been obtained (see Table 7-35). For the Cyprus 
image, the "rural aerosol" was selected since Aprokremmos and Mavrokolimbos 
Dam is surrounded by agricultural lands.
In cases where the water vapour content is between the two types o f the 
atmosphere, Richter (1997) suggests the user to select the one which is closest to 
the type o f the atmosphere. Moreover, Richter (1996b) suggests that a US 
standard atmosphere might be appropriate for a European image. So, in the case 
where the w ater vapour content is between the U  S standard and Subarctic 
summer i.e. 1.40 g/cm^, US standard was used.
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Image date W ater vapour content at 
time of satellite overpass 
(g/cm")
Type of the atmosphere
12-04-1984 1.49 -Subarctic summer (1.7 g/cm^) 
-U.S standard (1.1 g/cm^)
05-03-1985 1.37 -Subarctic summer 
-U.S standard
17-05-1985 233 Mid-latitude Summer (2.4 g/cm^)
02-06-1985 2.56 Mid-latitude Summer
04-07-1985 3.40 Tropical (3.3 g/cm^)
29-09-1985 2.98 -Tropical
-Mid-latitude Summer
08-10-1985 1.33 -Subarctic summer 
-U.S standard
24-10-1985 at interpolated value 1.51 
at 11:00 1.37
-Subarctic summer 
-U.S standard
09-11-1985 at 10:00: 2.24 
at 11:00: 3.66
-Mid-latitude summer 
-Tropical 
-Humid (4.0 g/cm^)
13-02-1986 0.71 Mid-latitude Winter (0.70 g/cm^)
08-03-1986 1.33 -U.S standard
-Subarctic summer
28-06-1986 3.45 Tropical
03-06-1985
(Cyprus)
3.42 Tropical
Table 7-35. Selection of atmosphere using RH % (water vapour content) 
obtained from the available meteorological data. Bold means 
that these atmospheres were selected by the writer.
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The meteorological visual range has been apphed according to the definition o f 
"meteorological visual range" defined in Section 7.1 in which the formula 
Vm=(1-S±-0.S)V  was used. Using, Vm= (LS± -0 .3)V ^V  the retrieved target 
reflectances in most cases were underestimated (negative values). The use o f 
interpolated values o f Vm^(L3+ 0.3)V = 1.6V  at the time o f satellite passing was 
however found to  give reasonable results. The only exception was for the images 
acquired on 5/3/85 and 8/3/86, in which the use o f the interpolated visibility values 
at the time o f  satellite overpass produced low results. This may be due to the fact 
that a significant change in visibility was observed between 10:00 and 11:00 GMT 
for those image dates (see Table 7-18) and the interpolated value at the satellite 
overpass was apparently not a reasonable assumption, giving negative surface 
reflectance. Using the visual range at 11:00, the surface reflectances for the two 
images w ere positive.
Constant atmospheric conditions:
Two cases were investigated using constant atmospheric conditions:-
♦ No haze removal and no adjacency (background) reflectance correction
♦ Haze removal where necessary and adjacency (background) reflectance 
correction
No haze removal and no adjacency (background) reflectance correction 
Queen Mary Reservoir has been used as an example for comparing the at-satellite 
reflectance (before correction) and target reflectance (after correction) in order to 
see the differences between the two cases. Results o f this application are shown 
in Table 7-35. For the Table 7-35 indicates that the differences in the selection o f 
the type o f the atmosphere with the w ater vapour content to fall between the two, 
the results are very similar without any significant differences (see 12/4/84 results 
with US standard and Subarctic Summer atmosphere). Only in cases where there 
is significant RH variation between 10:00-11:00 GMT did the selection o f one 
type o f atmosphere give significantly different surface reflectance values from
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another. For example, on 9/11/85 the RH changes significantly between 10:00 
and 11:00 GMT and the corresponding atmosphere is between Mid-latitude 
summer and Humid atmosphere (see Table 7-35 ).
Haze removal (where necessary) and adjacency (background) reflectance 
correction
Firstly, by applying the haze removal for the heavily clouded images like the 
4/7/85, the method did not w ork since the correction for areas with cloud cover 
produces unrealistic findings (instead o f  restoring the concrete runway which is 
the real target, restores vegetation.
Richter (1997) reports also that in case o f high atmospheric scattering, the 
adjacency influence may range to 2-3 km (for 0 .5-lkm  lake). For selecting the 
appropriate size o f  the filter for the Lower Thames Valley area, the following 
factors have been taken into account:-
♦ reservoirs are surrounded by highly reflective vegetation and urban area
♦ the size o f  the reservoirs. For example, the diameter (by considering as circular 
target) o f  Queen Mary is approximately equals to 2110m.
The size o f the filter was taken twice to  the distance o f the central pixel firom the 
boundaries. For example for the Queen Mary reservoir the central pixel from the 
land is 1 km and according the Richter's suggestion, the size o f the filter for the 
central pixel must be 2 km. Filters o f different sizes from 61x 61 (2.03 km x  2.03 
km) to 95x95 pixel (2.85x 2.85 km) have been tested. The resulting corrected 
reflectance values were very similar in each case. By applying the 95x95 filter for 
all the reservoirs having smaller dimension than the Queen Mary reservoir, the 
influence in the final surface reflectance was negligible.
The complete set o f results obtained using the constant atmospheric correction 
option with adjacency effect correction are presented in Appendix 15. Results of
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this type o f correction are compared with the results obtained without applying 
the adjacency correction in Table 7-36 for the Queen Mary east part area o f 
interest..
Spatially varying atmosphere
By using the "spatially varying atmosphere" option the w ater and vegetation 
targets w ere used as reference reference targets for retrieving the visibility in the 
area under investigation. Despite o f the fact that numerous inland w ater bodies 
are present in the image, this type o f correction did not work. No reference 
targets were found with reflectance values o f 1 % in the N IR  and 1.5-3 % and 
then the code returns to the "constant atmosphere" procedure with an input 
visibility value.
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Image
date
Atmosphere Reflectance T M l TM 2 TM 3 T M 4
Lower Thames Valley area (Queen Mary reservoir east part)
12-4-84 before correction (p^) 0 108 0 073 0 052 0.032
U.S standard after correction (p^) 0.051 0 048 0.034 0.024
Subarctic Summer after correction (p^) 0.051 0.048 0.034 0.024
Subarctic Summer after correction (p^) C+adj^ 0.045 0.041 0.028 0.009
05-03-85* before correction (pu.) 0 117 0080 0 055 0.033
U.S Standard after correction (p<g) C 0.036 0 042 0.024 0.011
U.S Standard after correction (p,c) C+adj 0.027 0.034 0.013 0
17-05-85 before correction (pb) 0 123 0.088 0 062 0.050
Mid-lat. Summer after correction (pig) C 0.078 0.070 0.047 0.048
Mid-lat. Summer after correction (ptg) C+adj 0.071 0.059 0.037 0.015
02-06-85 before conection (pu) 0 098 0 064 0 042 0 026
Mid-lat. Summer after correction (p^) C 0.041 0.036 0.023 0.017
Mid-lat. Summer after correction (ptg) C+adj 0.035 0.030 0.018 0.002
04-07-85 before correction (pt.) 0 137 0.107 0 090 0 103
Tropical after correction (ptg) C 0.110 0.104 0.091 0.137
Tropical after correction (ptg) C+adj 0.094 0.087 0.073 0.087
29-09-85 l>efore correction (pi^ ) 0 133 0 096 0 069 0 044
Tropical after correction (ptg) C 0.088 0.079 0.048 0.030
Tropical after correction (ptg) C+adj 0.058 0.052 0.017 0
08-10-85 before correction (pb) 0 137 0.104 0 081 0 073
U.S Standard after correction (ptg) C 0.081 0.087 0.070 0.074
U.S Standard after correction (ptg) C+adj 0.066 0.076 0.058 0.068
Table 7-36. Results from the application of ATCOR-2 using constant 
atmospheric conditions (without haze removal and adjacency 
correction) for the Queen M ary reservoir and Asprokremmos 
& Mavrokolimbos Dam (Continued overleaf).
 ^C means with constant atmosphere module
 ^C+adj means with constant atmosphere but with taking the adjacency effect (low pass filter)
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Imago
(late
Atmosphere Reflectance TM 1 TM 2 TM 3 T M 4
24-10-85* before correction (pt$) t).158 0.115 0.096 0.084
U.S Standard after correction (ptg) C 0 139 0.127 0.102 0.103
U.S Standard after correction (p^) C+adj 0.145 0.126 0.096 0.0824
09-11-85 before correction (p,<) 0.138 0.091 0.064 0.031
Mid-lat. Summer after correction (ptg) 0 033 0 041 0.028 0.007
Humid after correction (ptg) C 0.027 0.034 0.025 0.007
Humid after correction (ptg) C+adj 0.024 0.029 0.018 0.001
13-02-86 before correction (pis) 0.163 0 115 0 089 0.046
Mid-lat. Winter after correction (ptg) 0.127 0.116 0.077 0.017
Mid-lat. Winter after correction (ptg) C+adg 0.036 0.050 0.020 0
08-03-86* before correction (pt.) 0.124 0 085 0 063 0 036
U.S Standard after correction (p%) C 0.052 0.050 0.031 0 010
U.S Standard after correction (p%) C+adg 0.032 0.032 0.007 0
28-06-86 before correction (pt») 0 142 0.105 0 082 0 066
Tropical after correction (ptg) C 0.135 0.109 0.080 0.077
Tropical after correction (ptg) C+adg 0.121 0.092 0.057 0.015
Paphos area (Asprokremmos dam)
03-06-85 before correction (p^) 0 148 0 131 0 105 0 082
Tropical after correction (p^) 0.118 0.129 0.104 0.091
Tropical after correction (ptg) C+adg 0.07 0.09 0.079 0.050
Paphos area (Mavrokolimbos dam)
03-06-85 before correction (pt^ ) 0 152 0 136 0 111 0 094
Tropical after correction (ptg) 0.123 0.139 0.116 0.116
Tropical after correction (ptg) C+adg 0.08 0.100 0.081 0.030
* significant cloud cover
Table 7-36. Continued.
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7.3 6S Code
The 5S computer code 5S is an abbreviation o f Simulation o f  the Satellite Signal 
in the Solar Spectrum) simulates the effects o f the atmosphere on the sun-target­
sensor path (Tanre et ah, 1990). Accurate methods for solving the radiative 
transfer equation were not possible due to the limited computer resources 
available when 5S was originally developed. In July 1997, a new faster version, 
the 6 S code (Second Simulation o f  the Satellite Signal in the Solar Spectrum) was 
released. The 6 S code was developed by the Laboratoire d'Optique 
Atmosphérique, Université des Sciences et Techniques de Lille. The code has a 
window-based interface, but the input parameters and the structure o f 6 S remain 
similar to  5S code. The code and manual are available from http://loaser.univ- 
lillel.fr/informatique/system_gb.html (anonymous ftp 134.206.50.4) and 
http://kratmos.gsfc.nasa.giv (ftp 128.183.112.125).
7.3.1 Concept
The 6 S code simulates the atmospheric effects in the visible and N IR  bands. It 
takes into account Rayleigh and aerosol scattering as well as gas absorption due 
to H2 O, CO2 , O3 , O2 , CH4 , N 2 O, CO. Input parameters can be chosen from pre­
programmed standard conditions and models, or specified by the user. The main 
outputs o f the program code are the various components o f the apparent 
reflectance (radiance); the different components o f the irradiance at the surface; 
and the scattering and the gaseous transmittances.
7.3.2 Description o f the atmospheric effects
In this section a description o f the formulation which allows the estimation o f the 
target reflectance for the cases o f a uniform and non-uniform Lambertian surface
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is presented. Documentation o f the formulas that are used by the 6 S (5S) code 
can be found in Tanre et al. (1979, 1981, 1990) and Vermote et aZ.(1997b and c). 
A  brief description o f the basic formulae is presented below:
U niform  Lam bertian surface
Vermote et al. (1997 b and c) express the signal received by the satellite using the 
following formulae for uniform Lambertian surface (no adjacency effects):
The"at-satellite" reflectance is expressed as:
(7-35)m ) i
\ -  Pt.S^
where
is the at-satellite reflectance 
is intrinsic atmospheric reflectance 
T{0  ^)\L is the downward total transmittance,
p^^ is the reflectance o f  target at ground level
Q- l^rv is the upward direct transmittance factor
 ^ is the upward diffuse transmittance factor
Py is equal to cosOy
S  is spherical albedo
The basis o f equation (7-36) is that the satellite level, the at-satellite radiance or 
reflectance results from
♦ the contribution o f the total (direct + diffljse) solar radiation reflected by the 
surface i.e. T{6 q)\' = +Z^(^o) directly transmitted from the surface
to the sensor expressed as
♦ the atmospheric radiance expressed in terms o f reflectances i.e. p^
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♦ the contribution o f  the environment which reflects the total downward 
irradiance (direct + diffuse), and the scattered photons reaching the sensor. 
This interaction is described with the upward atmospheric diffuse transmittance
Equation (7-35) does not include absorption effects. Therefore, Vermote et al. 
(1997c) consider separately absorption due to the following gasses:
♦ w ater vapour (H 2 O)
♦ ozone (O3)
♦ oxygen (O2)
♦ carbon dioxide (CO 2)
♦ methane (CH4)
♦ nitrous oxide (N 2 O)
In the 6 S code, O2 , CO 2 , CH4  and N 2 O are assumed constant and uniformly mixed 
in the atmosphere. H 2 O and O3 are dependent on time and geographical location 
and are the most important gases in the code. The H 2 O affects mainly 
wavelengths greater than 0.7 |_im and O3 has significant absorption between 0.55 
and 0.65 pm.
Equation (7-35) can be written by considering the gaseous transmittance { t f )  as 
an extra parameter such as:
Non-Uniform Lambertian surface
The difference between remote sensing o f a uniform and non-uniform Lambertian 
surface is in the value o f  the diffused radiance term, which is not only affected by 
the radiation reflected from the observed area but also from the surrounding areas.
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By considering an irregular and non-uniform background around the target, 
Vermote et al. (1997c) introduce a new environment reflectance parameter 
denoted (/?(M )) , which represents a spatial average o f each pixel reflectance over 
the whole surface:-
Pts=lAPa +
m ) i (7-37)
where
(/?(M )) average background reflectance
PtgiM ) is the reflectance o f target M  at ground level
Equation (7-37) can be written as:
P ts  -  L
(7-38)
where
Pts is the at-satellite reflectance
h is the gaseous transmittance
p . is intrinsic atmospheric reflectance
is the downward total transmittance
g-r/A. is the upward direct transmittance factor
t M ) is the upward diffuse transmittance factor
The different terms presented in (7-37) are explained and presented schematically 
by Tanre et al. (1987) (see Figure 7-7). The terms o f equation (7-37) have the 
following meaning:
7-83
♦ The expression is the intrinsic atmospheric reflectance (denoted as 
component 1 in Figure 7-7).
♦ The expression is the contribution o f  the target pixel,
T{6q) \ ' is the total downward solar transmittance (direct plus diffuse) through
the atmosphere, and is the direct transmittance from the target to the 
sensor (component2 plus component 3 in Figure 7-7).
♦ The expression T{Oo)\'.{^p{My)tj^{o^ is the contribution o f the area
surrounding the target and results from the total irradiance reflected by the 
background and diffusely transmitted to  the sensor (component 4 plus 
component 5 in Figure 7-7).
♦ The higher successive interactions between the ground and the atmosphere are 
described by the factor 1 -  {p {M )).S  (component 6 in Figure 7-7).
A  characteristic size r  o f  the target is defined. A  circular target o f  radius r and 
reflectance /?^(M ) surrounded by a homogeneous surface o f  reflectance p^ is
considered (see Figure 7-8). The environmental reflectance is calculated using the 
mathematical mean o f the surrounding target and is adjusted using equation (7- 
37). The average background reflectance, (/?(M )), is adjusted using the 
weighting factors shown in the following equation.
{ f{ M ))  = p ,^.F (r) + { \-F { r ) ) .p ^  (j.S g j
where
F{r) weighting factor depending on the radius o f  the target
p^ is the environmental reflectance and can be deduced from the
measured apparent reflectance around the target
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Therefore for a non-uniform Lambertian surface, 6S performs an atmospheric 
correction using equation (7-38) and(7-39).
7.3.3 Description o f the code
In order to perform the computations, the user has to  specify the following input 
parameters:
♦ the geometrical conditions: solar zenith and solar azimuth angles 
corresponding to  the satellite sensor must be specified
♦ atmospheric model: the gaseous absorption and the Rayleigh component are 
calculated after specifying the appropriate type o f the atmosphere. Two 
options are available, either to specify the altitude Z, pressure, temperature, 
w ater vapor and ozone content or to choose the standard atmosphere models 
(Tropical, Midlatitude Summer, Midlatitude Winter, Subarctic Summer, 
Subractic W inter and US Standard 62 models)
♦ aerosol model. The aerosol content and optical properties (e.g. phase 
function, assymetry factors) are required by the user. Alternatively, the user 
can choose the type o f the aerosol type (continental, maritime, urban). Then 
the user can enter either the aerosol optical thickness at 550 nm or the 
horizontal visibility in km at the reference wavelength 550nm.
♦ spectral conditions: the user can define his own spectral ranges or chose one o f 
the standard spectral bands for a variety o f sensors.
♦ the apparent target reflectance or radiance can be inserted.
7.3.4 Literature review
The literature that was found was based on the formulation and description o f the 
5S and 6S code and its application to land and ocean surfaces (for example, Tanre 
et al., 1979; Singh, 1994). Neither the 58 or 68 code have been used to  remove
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the atmospheric effects from satellite images o f inland w ater bodies such as lakes 
and reservoirs, according to the review o f the atmospheric correction which was 
presented by Dekker et al. (1995).
Studies o f great importance for inland w ater bodies have concentrated on the 
investigation o f  adjacency effects (Tanre et al., 1981; Tanre et al., 1987).
Tanre et al. (1981) derived formulae in their investigation o f the background 
contribution on the satelitemeasurements o f ground reflectance and introduced the 
environmental weighting functions F(r). They found that F(r) can be reasonably 
approximated by a standard function which is dependent on the radius o f  an 
assumed circular target and the aerosol optical thickness. They found that for 
intermediate target sizes, F(r) can be approximated using the following 
interpolation formula.
5 /6 .r ,+ 0 .5 .T ,
where
F^(r) = 1 -  [o.375.ex/?(- 0.2. r )  + 0.625.ex/>(-1.83. r)]
7%. (r) = 1 -  [o.93.ex/?(- 0.8. r )  + 0.07.exp{^ 1.1. r)]
For small targets w ith r<0.25 km and F ( r ) ^  Hill (1993) found that {p{M ))  = ,
and for large targets with />5km, F (r )^ l i.e. {p{M )) =
Tanre et al. (1987) examined the contamination o f the images o f different water 
targets by the reflectance o f the surrounding green vegetated land surface using 
the 5S code and Landsat TM  imagery. The target was considered as a non-
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uniform Lambertian surface, so equation (7-36) was used. They considered the 
ozone and w ater vapour absorption as the only significant parameters in the 
absorption mechanism. The study was applied to a Landsat-5 TM  scene o f North 
Carolina in which coastal area, land and w ater surfaces were presented. W ater 
surfaces o f  different sizes and with different surrounding backgrounds were used 
as targets. The three selected targets were a square area o f 256 pixels (i.e. 7.5 km 
X 7.5 km) centred over the Atlantic Ocean obtained from the coast and over two 
inland surfaces (lakes) with a size o f  the order o f  1km and surrounded by high 
vegetated surfaces. They found that the open ocean area was not affected by the 
environmental spectral reflectance o f  a land surface. The lakes w ere found to be 
contaminated by the neighbouring adjacent land reflectances, had reflectances 
greater than the ocean area in TM band 4. A t shorter wavelengths (TM 1, 2, 3) 
the environmental reflectance was closed to the w ater surface reflectance values. 
Tanre et al. (1987) noted that the extraction o f aerosol optical thickness using the 
assumption that the upwelling reflectance is zero for wavelengths longer than 
700nm is doubtful and the observed reflectance over the w ater surface in the N IR  
bands is not solely provided by the atmospheric path radiance or reflectance. The 
observed w ater reflectance may consists o f a value from the adjacent land and the 
w ater surface may not be pure water due to  presence o f algae, SS, and bottom 
effects.
Based on the formulation o f the 5S and 6S code, Tanre et al. (1979) provided 
some approximations for the amount o f atmospheric transmittance and spherical 
albedos equations. They reported that a good approximation is to assume 1/2 o f 
the radiation is scattered backward by permanent gases, with a further 1/6 being 
back-scattered by aerosols i.e.
T{9^ ) l  = exp\- (y/2, T, (A) + 1 / 6, (A))///» ] (7-41)
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This equation was used by Singh (1985) in his atmospheric correction evaluation 
using AVHRR data.
Spherical albedo was assumed by Hill and Sturm (1993) to be calculated using the 
following equation:
S  = exp ( -  -r)(o.92. r , (;i) +1 /  3. (A)) (7 . 4 2 )
Equation (7-42) was used in the atmospheric correction o f Landsat TM  imagery 
by Hill (1993) and Hill and Sturm (1991).
For the correction o f environmental effects, the at-satellite environmental 
reflectance (pe) was approximated by the average fi’om a moving window o f low 
pass filter (Hill; 1993; Hill and Sturm 1991).
7.3.5 Application o f the 6S code to Landsat TM images o f Lower Thames Valley 
area
The visibility values taken from Heathrow Airport values were inserted in the 6S 
code in order to  define the aerosol optical thickness (using the same Vm values as 
was done in ATCOR-2; see Section 7.2). The selection o f the model o f the 
atmosphere was done based on the extracted w ater vapour density (using RH  %). 
The same procedure was followed in ATCOR-2 (see Section 7.2). The option o f 
non-uniform Lambertian surface was used. Results from this application are 
shown in Table 7-37.
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At-;satellite and corrected target (6S code) reflectance values
linage date Reflectance TM 1 TM2 TM3 TM4
Lower Thames Valley area (Queen Mary reservoir east part)
12-4-84 before correction (pu) 0.108 0.073 0.052 0 032
after correction (ptg) 0.049 0.040 0.033 0.025
05-03-85* before correction (pu) 0.117 0 080 0.055 0033
after correction (p^) C 0.033 0.028 0.020 0.015
17-05-85 before correction (pu) 0.123 0 088 0 062 0 050
after correction (ptg) C 0 082 0 072 0.050 0.034
02-06-85 before correction (pu) 0 098 0.064 0.042 0.026
after correction (ptg) C 0 042 0 037 0.025 0.019
04-07-85 before correction (pu) 0.137 0 107 0 090 0 103
after correction (p%) C 0.113 0.088 0.071 0.033
29-09-85 before correction ( p u ) 0.133 0 096 0.069 0 044
after correction (ptg) C 0.087 0.067 0.049 0.032
08-10-85 before correction ( p u ) 0.137 0104 0.081 0.073
after correction (ptg) C 0.077 0.073 0.065 0.028
24-10-85^ before correction (pi;.) 0.158 0115 0 096 0 084
after correction (ptg) C 0.086 0.086 0.069 0.030
09-11-85 before correction ( p u ) 0.138 0.091 0 064 0 031
after correction (ptg) 0.041 0.053 0 029 0.013
13-02-86 before correction ( p u ) 0 163 0.115 0.089 0 046
after correction (pig) 0 092 0.089 0.072 0.030
08-03-86* before correction (p ts ) 0.124 0 085 0 063 0.036
after correction (ptg) C 0.059 0.057 0.039 0.018
28-06-86 before correction (pu) 0 14: 0105 0 082 0066
after correction (ptg) C 0.086 0.087 0.070 0 031
Paphos area (Asprokremmos dam)
03-06-85 before correction (p ts ) 0.148 0.131 0 105 0 082
after correction (ptg) 0.084 0.087 0.072 0.031
Table 7-37. Results from the application of 6S code for the Queen Mary 
reservoir and Asprokremmos dam (Cyprus)
 ^ Significant cloud cover in the Queen .Mary reservoir
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Figure 7-1. Single scattering phase function for coninental type aerosol for 0.45, 0.70 and 
1.19 pm (Turner et aL, 1971). The aerosol scattering phase function changes 
only a small amount with wavelength. Therefore, the function for 0.7 pm can 
be used for all wavelengths (Forster, 1984).
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Figure 7-2. Atmospheric transmittance for a Rayleigh type 
atmosphere as a function o f wavelength (redrawn 
from Forster, 1984).
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Figure 7-3. Aerosol optical thickness versus visual range 
(Turner and Spencer, 1972)
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Figure 7-4a. Prediction chart for w ater vapour transmittance (0.6-4.0 pm) 
( McClatchey et ah, 1971)
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Figure 7-4 b. Prediction chart for w ater vapour transmittance (4-26 pm) 
(McClatchey et aL, 1971)
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Figure 7-5. W ater vapour concentrartion per km path length as a 
function o f temperature and RH (M cClatchey et a/., 
1971)
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Figure 7-7. The different components o f the satellite signal as 
described by Tanre et al. 1987 (a) Radiation 
components 1, 2, 3 and 4; (b) Radiation components 4 
and 5; (c) Radiation component 6 (Continued overleaf).
7-97
SENSOll
Atm osphere
Figure 7-7. Continued
(c)
SfSSOl
adjacent land
Figure 7-8. Schematic presentation o f environmental reflectance
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Chapter 8
A new atmospheric correction 
method for Landsat TM images 
using pseudo-invariant targets: 
the PIT AC method
8. A  NEW ATM OSPHERIC CORRECTION METHOD FO R LANDSAT TM  
IMAGES USING PSEUDO-INVARIANT TARGETS: THE PIT AC  
METHOD
8.1 The PIT AC method
The basis o f the new pseudo-invariant target (PIT) atmospheric correction method 
is to relate image data to field spectral data for two suitable large and common 
targets; a very bright and a very dark target (approximately non-reflecting object) 
which can serve as suitable pseudo-invariant targets (PIT's). The PIT method 
provides the user w ith a range o f spectral data for the two targets that can serve 
as pseudo-invariant targets in different geographical areas. Reflectance values 
corresponding to different concrete moisture conditions are also provided. This 
method can be used either as an image-based technique for images for which 
ground data are not available or as an atmospheric correction which combines 
ground and image data where both are available. This method has been presented 
by Hadjimitsis et al. (1999b) and a more detailed description is presented below.
8 .1 . 1  Concept
For the multi-temporal normalisation (MTN) method described in Section 6.5, 
w hen a comparison is made between different images o f the same scene acquired 
on different dates, any difference in the at-satellite reflectances o f PIT surfaces is 
assumed to be due to differences in path radiance and/or atmospheric attenuation 
(Hill and Sturm, 1993). As described in Section 6.5, the multi-temporal 
normalisation (MTN) method is implemented using the linear regression method 
(Schott et a l ,  1988) by relating a reference image to the other images. Another 
method which is based on the use o f PITs, considers the average atmospheric 
effect difference based on all the selected PITs as an estimate for the first-order 
correction o f additive atmospheric effects, by ignoring the residual absorption 
terms (Lo et al. 1986). Both methods still have the uncertainty about how  "clear"
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and free from atmospheric effects is the reference image and the selected pseudo­
invariant targets. Moreover, the^tools (e.g. contrast values) for assessing which o f 
the images must be selected as the clear reference image may produce doubtful 
results. To overcome these shortcomings, the present w ork has addressed a new 
atmospheric correction approach (Hadjimitsis et al., 1999b) based on the use o f 
in-situ measurements for two proposed pseudo-invariant targets; a very bright 
target (concrete apron surfaces) and a very dark target (water storage reservoir).
The new PIT atmospheric correction method is based on the assumption that 
w ithout atmospheric effects, the radiance reaching the satellite from a pseudo­
invariant target would be unchanged on different image dates. Therefore the 
ground data can be used as a standard database in order to apply the atmospheric 
correction. The correction involves the fitting o f a linear regression to relate the 
"at-satellite" reflectance o f  pseudo-invariant targets in each band to ground 
reflectance. The spectra o f  each o f the proposed calibration PIT's are measured 
on the ground with a field spectro-radiometer and the sensor in-band reflectance 
values are calculated (see Chapter 5). The technique that is used to  relate image 
data with field data is termed by other researchers as "empirical line calibration" 
(Kruse et al., 1990; Emery et al., 1998; Smith and Milton, 1999). In the proposed 
new PIT atmospheric correction, the slope and intercept o f the regression 
equation represent the correction coefficients required to  correct the whole image. 
A  separate' regression equation is fitted for each waveband.
8.1.2 Previous work on the use o f field  data acquired from  calibration targets to 
relate them with image data
In the literature, some studies have used the linear regression technique to 
normalise image data to field spectral data to  remove atmospheric effects (Brest 
and Goward, 1987; Kruse et a l ,  1990; Stow et a l ,  1996). Target calibration has
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been successfully employed in the correction o f satellite data for atmospheric 
effects (Brest and Goward, 1987). From these studies, validation o f a linear 
relationship between image DN or radiance (or reflectance) w ith field data was 
assumed (Brest and Goward, 1987). The selection o f suitable calibration targets 
to  collect field measurements must be taken into account (Brest and Goward, 
1987; Smith and Milton, 1999). Emery et al. (1998) showed that the empirical 
line calibration w orks better when bright and dark targets w ith sufficient size to 
enable accurate selection o f image pixels are used. The m ost commonly used 
calibration targets are large bright concrete and asphalt surfaces (bright asphalt), 
and dark asphalt and w ater targets (dark objects). For example Staenz (1978) 
(cited by Staenz and Itten, 1982) used a w ater body (Lake o f Zurich) as a dark 
object and asphalt and concrete as bright targets.
In the literature concrete is widely recommended as a reference target for 
atmospheric corrections o f  satellite data (Lyon 1975; Staenz, 1978; Brest and 
Goward, 1987; Hadjimitsis et al., 1999b). Different types o f asphalt surfaces are 
also widely used as suitable field targets (for example, bright greyish-black and 
dark greyish-black asphalt w ere used by Staenz and Itten, 1982). Staenz and Itten 
(1982) found that the reflectance o f slightly rough concrete and asphalt surfaces 
make them suitable targets since their reflectances did not change significantly 
over a period o f four months. The w riter argues about the unsuitable size (width) 
and homogeneity (white lines, nearby grass areas etc.) o f  asphalt roads 
(motorways) when Landsat TM  images are used (Hadjimitsis et al., 1999b). Also 
for other satellite images acquired with a better spatial resolution than Landsat 
TM  the difficulty o f  locating homogeneous field targets which will be 
representable in the satellite image is still problematic. ' For example, when the 
calibration targets contain small proportion o f different contrasting materials (e.g. 
road markings, Milton et al., 1997b) the reflectance changes significantly. Smith 
and Milton (1999) found that for an asphalt contained light-coloured aggregate 
the reflectance was doubled than the reflectance o f  pure bitumen. Moreover, in
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Chapter 5, it was shown that in a some concrete areas (outside o f the 100m* 100m 
apron) at Heathrow Airport Terminal 4 in which white lines were existed, the
reflectance was ___  higher than a pure concrete area. However other large
asphalt areas such as large abandoned airfield runway (Emery et al., 1998) or 
slightly rough asphalt areas o f airports (Staenz and Itten, 1982) are found to  be 
suitable targets.
It was found that different asphalt and concrete types have different reflectance 
values due to  different material composition surface structure (slightly rough, 
grooved etc.), weathering condition (age and wetness) (Staenz and Itten, 1982).
Based on the fact that an airport (slightly rough) concrete surface is found be 
suitable bright target, the concrete apron at Heathrow Airport was suggested as 
suitable pseudo-invariant target. The concrete was characterised as medium to 
coarse grade aggregates with brownish grey colour. Eutrophic reservoir is 
suggested as a very suitable dark target in the proposed method. The majority o f 
incident light is scattered from turbid w ater due to  the high turbidity levels 
(presence o f  SS, algae). Moreover, bottom effects are eliminated.
8.1.3 M ethodology
The methodology used to  develop this method is described below:
♦ The technique requires two large and uniform types o f  target; very bright 
objects corresponding to concrete airport runways/aprons and dark objects 
corresponding to w ater storage reservoirs. These targets w ere selected 
because o f their suitability in terms o f size, uniformity and reflectance 
characteristics. Concrete surfaces are characterised by high reflectance and 
w ater targets (approximately non reflecting targets) by relatively low 
reflectance. The combination o f the two increases the potential o f this
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technique. Scarpace et a l  (1979) highlight the importance o f  using concrete 
surfaces (as a very bright object) and a lake (dark object) in their atmospheric 
correction procedure. Ahem  et a l  (1977) found that oligotrophic (low 
concentrations o f  nutrients) lakes provided suitable targets from which 
atmospheric path radiance could be measured. Price (1987) reported that the 
best target for radiometric calibration o f satellite sensors and evaluation o f 
atmospheric corrections at the surface reflectance is w ater since it is unique, in 
that both the wavelength dependence and reflectance values are known. Teillet 
(1992) used the Baskatong Reservoir in Canada to test the performance o f the 
5S code using Advanced Very High Resolution Radiometers (AVHRR) data. 
These targets are common features, and can be found in many different 
geographical areas.
Ground measurements w ere collected for dry concrete airport mnway/apron 
and eutrophic reservoir w ater surfaces using a field spectro-radiometer, in 
order to  prove their suitability as invariant targets. Field data w ere then 
simulated for the first four bands o f Landsat Thematic M apper (see Chapter 5). 
The extracted reflectance values for the concrete surfaces and the range o f 
w ater reflectance values were then used as standard values for other areas.
The "at-satellite" reflectances for the two selected targets w ere found for each 
Landsat TM  image. The large size o f the targets enables accurate selection o f 
image pixels in cases where cloud free images are not available. There are 
some regions o f runways which are dark with either constm cted by black 
asphalt or "marshall" concrete (black); these regions should be avoided. Only 
the light concrete aprons are used in this method. In case where no auxiliary 
data are available about the prevailing moisture conditions o f  the airport 
mnways/aprons, the thermal band o f Landsat TM  gives an opportunity for the 
user to check the moisture conditions o f the concrete surfaces. Generally, by 
comparing the DN values from the TM  band 6 (thermal band), the one that has 
a significant lower value than the others, is the image that has different
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moisture conditions. It is preferable to compare the image ^ a f^ th e re  is 
uncertainty with one image which acquired in summer. So, the user can use
the ground values, correspond to  w et concrete surfaces. For example, by
/
comparing the Landsat TM  band 6 (thermal) image acquired on 28/6/86 o f a 
concrete AOI (for which the DN=122) with the same area o f  the image 
acquired on 9/11/85 (for which DN=96), it was concluded that the moisture 
conditions were different in each case due to their high significant differences in 
their DN  (brightness temperatures). This can be also confirmed for the 
available meteorological data in that geographical area in those days. On 
28/6/86 and 9/11/85, the dry temperature was 16 °C and 8.6 °C and relative 
humidity was 51.60 % and 83.80 %, respectively (see Chapter 7).
The atmospheric model for a homogeneous Lambertian surface given by 
Deschamps et al. (1983 a and b) is used as the basic equation to develop the 
new method (see equation (8-1))
where
is the at-satellite reflectance 
tg is the gaseous transmittance
is the intrinsic atmospheric reflectance (derived fi'om atmospheric 
path radiance)
is the total (direct and diffuse) transmittance between the top o f 
the atmosphere and the ground 
Ptg is the target reflectance at the ground
s  is the spherical albedo due to  multiple interactions between the
earth's surface and the atmosphere
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t (o is the total transmittance between ground and the sensor
9q is the solar zenith angle
0  ^ is the sensor viewing angle
The conversion o f digital numbers to "at-satellite" radiance for each band is 
performed using the Landsat-5 TM  up-dated calibration values given by Slater 
et al. (1986) (see Chapter 4). Then, the at-satellite reflectance is calculated 
using equation (8-2) i.e.
(^ ■4 ) (8-2)
£„,cos(0„).rf
where
is the reflectance at the top o f the atmosphere, sometimes termed the 
"at-satellite" or "apparent" reflectance.
is the target radiance as measured at the sensor ("at-satellite" radiance) 
E q is the solar irradiance at the top o f the atmosphere,
is the solar zenith angle 
d  is the correction coefficient accounting for variation in the sun-to-earth
distance.
The assumption made by Caselles and Garcia (1989) about the negligible value 
o f  Ptg.s (Deschamps et al. 1983a; Kaufman, 1989) was used in this technique
Equation (8-1) can be re-written as
Pts
where 
c is equal t o /
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^  is equal to . t (0^ ). t { 0 ^
Processing was performed on each band in turn and involved a linear regression 
to  relate "at-satellite reflectances" o f the dark and bright targets to their ground 
reflectances for each band o f  data. The intercepts (c) o f  the regression model 
represent the additive effect due to  atmospheric path radiance and the slopes 
(m) represent the correction for atmospheric attenuation.
The intercept and slope coefficients were used for the whole image in order to 
extract the corrected reflectance at ground level for any target in the scene 
using;
P . , - — - -  (^-4)^ m m
The algorithm is presented in Figure 8-1 in a flowchart format (using Imagine
8.3.1 M odel M aker module).
8.1.4 A ssum ptions
The proposed new method assumes that the atmospheric effects are uniform 
across the image and they do not change from place to place. The method 
assumes also that the collection o f field data meets the approximation o f 
Lambertian surfaces.
8.1.5 G round data
The ground spectro-radiometric data, collected with the GER1500 spectro- 
radiometer and presented in Chapter 5 were used to develop the PIT atmospheric
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correction method. The spectral signatures o f the following tw o bright and dark 
pseudo-invariant targets were investigated. The targets were:
a) a large concrete surface (100m x  100 m) o f  Heathrow airport runway and  
apron. The concrete at Heathrow Airport (Terminal 4) was a brownish grey 
w ith some yellow and black particles. The material composition o f the 
concrete aprons at Heathrow Airport are the following: type: limestone 
concrete; aggregates: 50/50 sand blend, 10mm & 20mm & 40mm limestone; 
admixture: air entrainer.
b) a  water surface a t Queen M ary storage reservoir which is a highly eutrophic 
reservoir with a maximum extinction coefficient o f 1.00 m '\  Queen M ary has a 
surface area o f 286 ha and a maximum depth o f 11. Im. Queen Mary reservoir 
is characterised by an average chlorophyll-a concentration o f  16 pg/1 and 
particulate organic carbon o f 1082 pg/1/
As shown in Chapter 5, the GER 1500 experimental data were filtered through the 
relative spectral response functions given by M arkham and Barker (1985) and 
averaged within the limits o f  the first four TM  bands, to yield the in-band 
reflectance values summarised in Table 8-1 .
Brest and Goward (1987) provide the following reflectance values for concrete 
surfaces obtained using a camera-based radiometer:
♦ for MSS Band 4 (now MSS band 1 i.e. 0.5-0.6 pm  and approximately matched 
with TM  band 2) : 23.5-24.0 %
♦ for MSS Band 7 (now MSS band 4 i.e. 0.8-1.1 pm) : 23.6-28.0 %
Emery et al. (1998) provide a plot that shows the absolute reflectance o f  5 
calibration targets for 400-900 nm. One target, is a large concrete section o f 
abandoned airfield runways. The following runway reflectance values have been 
extracted, for the first four TM  bands:
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♦ for TM  band 1: 14%
♦ for TM band 2: 17%
♦ for TM  band 3: 19 %
♦ for TM  band 4:22-23 %
It is apparent that the Heathrow airport runway/apron data are very close to  those 
reported by Emery et al. (1998) except that for TM  band 3 in which a 3 % 
difference was found.
LOWER THAMES VALLEY RESERVOIRS: 
GER1500 GROUND MEASUREMENTS CONVERTED TO
’TN-BAND REFLECTANCES" (%) 
FOR LANDSAT-5 TM BANDS 1 ,2 ,3  AND 4
DATE No. of 
readings
T M l TM2 TM3 TM4
Dry concrete runways/aprons of Heathrow Airport
15-12-1998 27 13.337 (1.11) 19.348 (1.06) 22.176(1.11) 22.930 (1.08)
16-12-1998 9 15.259 (1.38) 20.085 (1.49) 21.996 (1.53) 22.588 (1.35)
Minimum 13.337 19.348 21.996 22.588
Maximum 15.259 20.085 22.176 22.930
Average 14.298 19.716 22.086 22.759
Wet concrete runways/aprons of Heathrow Airport
I5-12-I9V8 14 11.26 (0.52) 14.82(1.14) 16.21 (1.86) 16.33 (2.6)
Queen Mary reservoir
26-9-1998 15 1.58 (0.38) 2.89 (0.58) 1.45 (0.39) 0.13 (0.13)
3-10-1998 31 2.87 (0.61) 4.83 (0.99) 2.79 (0.70) 0.26 (0.12)
12-10-1998 9 1.05 (0.48) 2.17 (1.16) 1.05 (0.64) 0.04 (0.03)
14-12-1998 9 2.11 (0.65) 3.57 (1.06) 2.27 (0.77) 0.12(0.12)
Minimum 1.05 2.17 1.05 0.04
Maximum 1.87 4.83 2.79 0.26
Average 1.90 3.36 1.89 0.14
Table 8-1. GER1500 ground reflectance values converted to in-band
reflectance values o f Landsat-5 TM  bands 1, 2, 3 and 4 . 
Values marked as ( ) represents the standard deviation  
(Hadjimitsis e taL ,  1999b)
8-10
8.L 6 Application o f the new PIT technique to Landsat TM images
The proposed approach was applied to Landsat-5 Thematic M apper images in 
different geographical areas in order to  examine how well the method w orked in 
different environments. The study areas were the régions in the Low er Thames 
Valley in vicinity o f  Heathrow airport (London), Hellinikon Airport (Athens, 
Greece) and Paphos Airport (Paphos, Cyprus).
8 .1 . 6 . 1  L andsat T M  im ages o f  Low er Tham es Valley area (London)
The proposed new PIT atmospheric correction method was applied for those 
Landsat TM  images in which there was no cloud on the airport concrete 
aprons/runways or in the reservoir. Heathrow Airport's concrete aprons (see 
Figure 8-2) and the Queen Mary reservoir were used as the tw o pseudo-invariant 
targets.
The regression coefficients obtained by applying equation (8-3) are presented in 
Table 8-2. Scatter plots for the first four TM  spectral bands for the image 
acquired on 4/7/85 is shown in Figure 8-3.
Table 8-3 presents reflectance values o f the Queen Elizabeth reservoir II before 
and after correction.
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Dependent variable independent
variable
TM
bands
Slope ( m ) Intercept ( c )
at-satellite reflectance 
12-Apr-84
Ground reflectance 1 0.800 0.095
2 0.919 0.047
3 1.042 0.035
4 1.206 0.031
Ground reflectance 
5-March-85
Ground reflectance 1 0.744 0.103
2 0.753 0.056
3 0.893 0.039
4 0.990 0.031
at-satellite reflectance 
2-June-85
Ground reflectance 1 0.978 0.081
2 1.070 0.030
3 1.166 0.021
4 1.153 0.025
at-satellite reflectance 
17-May-85
Ground reflectance 1 0.706 0.112
2 0.816 0.066
3 0.935 0.048
4 1.104 0.050
at-satellite reflectance 
4-July-85
Ground reflectance 1 0.647 0.127
2 0.755 0.085
3 0.819 0.0765
4 0.911 0.103
at-satellite reflectance 
29-Sep-85
Ground reflectance 1 0.712 0.121
2 0.850 0.068
3 0.972 0.052
4 1.069 0.044
at-satellite reflectance 
8-Oct-85“
Ground reflectance 1 0.707 0.106
2 0.783 0.057
3 0.876 0.041
4 0.895 0.036
at-satellite reflectance 
8-March-86
Ground reflectance 1 0.754 0.111
2 0.815 0.058
3 0.928 0.047
4 1.017 0.036
at-satellite reflectance 
28-June-86
Ground reflectance 1 0.557 0.132
2 0.718 0.082
3 0.831 0.067
4 0.960 0.065
Table 8-2. Regression coefficients obtained by using equation (8-3).
11cloudy day
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Reflectance values in % (before and after atmospheric correction)
Image date Reflectance of the Queen Elizabeth n  
reservoir target
TMl TM2 TM3 TM4
12-4-84 at-satellite reflectance (before correction) 10.30 6 70 4.80 3J0
target reflectance (after correction) 1.06 2.22 1.30 0.01
5-3-85 at-satellite reflectance (before correction) 1130 7 30 5 JO 3.20
target reflectance (after correction) 1.37 2 22 1.31 0 08
17-5-85 at-satellite reflectance (before correction) 12 0 8 20 5 80 5.10
target reflectance (after correction) 1.20 2.00 1.00 0.12
2-6-85 at-satellite reflectance (before correction) 9 60 5.90 4.00 2 80
target reflectance (after correction) 1.66 2.71 1.60 0.33
29-9-85 at-satellite reflectance (before correction) 12 40 8 40 6.20 4 10
target reflectance (after correction) 0.43 1 81 1.04 0.01
28-6-86 at-satellite reflectance (before correction) 14 20 10 20 8.00 6 SO
target reflectance (after correction) 1 80 2.88 1.53 0.37
Table 8-3. Reflectance values (%) of an AOI in the Queen Elizabeth II 
reservoir before and after atmospheric correction for Landsat 
TM-5 images of Lower Thames Valley area.
D ata from additional targets specifically asphalt car park at Heathrow Airport and 
Queen Elizabeth II reservoirs were acquired. These data were used to assess the 
accuracy and effectiveness o f  the new PIT atmospheric correction method. By 
comparing the corrected reflectance values o f  an asphalt car park (in Terminal 4 
o f Heathrow Airport) from three images with the average o f three readings from 
ground measurements at the same area, it was found that close results with the 
ground values w ere produced (see Table 8-4).
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Image date Reflectance %
TM l TM2 TM3 TM4
12-4-84 before correction 13.8 11.4 11.8 11.8
after correction 6 7.6 9 8
5-3-85 before correction 14.4 10.3 10.3 10.0
after correction 6 7 7.2 7
2-6-85 before correction 14 11.6 12.4 12.4
after correction 6.2 8 9 8.6
29-9-85 before correction 15.4% 12.9 12.2 11.4
after correction 6 7.1 7.2 7
Ground measurements 7.34 8.3 9 9 .2
Table 8-4. Reflectance values o f asphalt car park before and after 
atmospheric using the new PIT method.
8 . L  6 .2  L andsat T M  im ages o f  H ellin ikon  A irport area ( Greece)
Four Landsat TM-5 images (path/row: 183/34) o f  Athens area acquired on 
15/8/88, 31/8/88, 21/6/91, 26/4/94 (see Figure 8-4) were used with their 
following solar zenith angles; 35, 38.5°, 29.5° and 36° (Retails, 1998). 
Hellinikon Airport's concrete runways/aprons and M arathon eutrophic lake with 
maximum depth: 54 m and surface area o f 2.4 km^) were used as the bright and 
dark PITs (see Figure 8-4). Table 8-5 presents reflectance values o f three 
different kinds o f  features on the image before and after correction. The marble 
features correspond to ancient marble regions at Acropolis, Penteli and 
Panathinaiko stadium.
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15/8/88 T M Ï T M 2 T M 3 T M 4
vegetation 13.3 (2.4) 11.6 (3.5) 11.2 0 5 ) 19.2 (13.0)
soil 17.3 # ^ ) 18.0 (10.6) 22.0 (14.2) 26.7 (19.1)
marble 22.7 (12.6) 22.1 (15.1) 26.2 (17.9) 29.2 (21.1)
31/8/88 T M l T M 2 T M 3 T M 4
vegetation 13.0 (1.3) 11.6 0 3 ) 11.3 (3.0) 16.1 (10.0)
soil 15.8 0 4 ) 16.3 (7.8) 19.8 (11.5) 24.3 (17.4)
marble 21.6 (11.0) 24.3 (17.1) 29.7 (21.3) 31.7 (24.2)
21/6/91 T M l T M 2 T M 3 T M 4
vegetation 12.1 (3.2) 10.9 0 6 ) 11.2 0 3 ) 19.1 0 2 2 )
soil 14.4 0 5 ) 14.8 (8.5) 18.5 (11.1) 23.9 (15.8)
marble 20.4 (11.7) 23.2 (16.5) 29.3 (19.6) 32.7 (22.6)
26/4/94 T M l T M 2 T M 3 T M 4
vegetation 12.9 (4.4) 10.8 (5.7) 10.5 (5.8) 17.1 (11.4)
soil 13.8 0 4 ) 14.1 (9.3) 16.4 (10.9) 23.8 (16.9)
marble 18.9 (11.1) 21.2 (16.7) 26.4 (19.5) 29.8
Table 8-5, Reflectance values (%) of three feature types before and after 
atmospheric correction (values in brackets) for Landsat TM  
images o f Athens area (Hadjimitsis et uA, 1999)
An assessment o f  the accuracy o f  the results was performed by examining the 
atmospheric pollutants and meteorological data for the images acquired on 
15/8/88 and 31/8/88 Retalis (pers. comm., 1999). From  Table 8-6, it is apparent 
that the image acquired on 15/8/88 was less atmospherically polluted than the 
image acquired on 31/8/88. This was proved also from the intercept values found 
from the regression analysis in which represent an indication o f the atmospheric 
path radiance component term. Table 8-7 shows the intercept values o f  the two 
images. Intercept values for the 15/8/88 image w ere smaller than the 31/8/88 
image
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Image
date
RH
(%)
T
f Q
CO
(mg/n/)
NO.
ifjg/nf)
SO;
ifjg/m^)
Smoke
ipg/rn^)
15-8-88 38.6 29.7 1.7(F) 55(F) 21(F) 42(F)
2.0 (A) 89(A) 6(A) 25(A)
31-8-88 50.6 28 13.2 (?) 561(F) 146(F) 241(F)
9.4 (A) 524 (A) 122 (A) 142 (A)
Table 8-6. Atmospheric pollutants (recorded at Patission and Athinas 
stations) and meteorological data for the satellite overpass for 
15/8/88 and 31/8/88 images (P: Patission, A: Athinas) (Retalis, 
1988). Smoke pollutant correspond to maximum hourly values.
Dependent variable Independent
variable
TM bands Intercept (c)
at-satellite reflectance 
15-8-88
Ground reflectance 1 0.111
2 0.084
3 0.062
4 0.048
Ground reflectance 
31-8-88
Ground reflectance 1 0.112
2 0.096
3 0.082
4 0.064
Table 8-7. Intercept values for the Athens images acquired on 15/8/88 and 
31/8/88.
Landsat T M  im ages o f  Paphos A itport area (Cyprus)
The Landsat TM  image o f Cyprus acquired on 3/6/85 with a solar zenith angle o f 
27.56° was also used to investigate how the new PIT atmospheric correction 
w orks in other geographical areas. Paphos Airport's concrete aprons and 
Aprokremmos Dam w ith capacity o f  53 million m^ o f  w ater and a surface area o f
2.1 km^), located 4 km away from the airport w ere used as PITs (see Figure 8-5). 
.The w ater passed to the Asprokremmos dam is abstracted from the river. 
Asprokremmos Dam, has been in operation since 1983 and provides irrigation 
w ater via a 12-kilometre channel to agricultural areas south o f Paphos. The w ater
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is used only for irrigation o f  agricultural fields in the Paphos area and there is 
evidence that it receives high concentrations o f nutrients and turbidity levels 
(Spanos, pers. comm., 1999). The first works for the erection o f w ater treatment 
pla^have been already started and in the near future there is plan to use the supply 
the Paphos area with w ater from Asprokremmos Dam. So one o f the friture 
requirements o f  the Ministry o f Agriculture (Natural Resources and Environment) 
is to use remote sensing techniques to  assess the w ater quality in all o f  the large 
reservoirs and dams in Cyprus. Ground measurements are planned to be 
undertaken by the writer in a variety o f dams and reservoirs in Cyprus in the near 
future.
Firstly using the average ground measurements presented in T a b l e a s  
"standard values" the proposed PIT algorithm was applied. Regression 
coefficients (m) and (c) required for the algorithm w ere calculated, and are 
presented in Table 8-8. Table 8-9 presents reflectance values o f  different feature 
points o f  the image before and after correction.
Dependent variable Independent variable TM
bands
Slope
(m)
Intercept
(c)
at-satellite reflectance 
3-6-85
Ground reflectance 
"standard values" 
(for both bright & dark)
1 0.57 0.14
2 0.64 0.110
3 0.84 0.095
4 0.92 0.087
Table 8-8. Regression coefficients obtained for applying o f the proposed 
algorithm for the Cyprus image using ’’standard" values given 
in Table 8-1
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Reflectance values in % (before and after atmospheric correction)
T M l TM 2 TM3 TM4
asphalt car place (at Paphos Airport)
at-satclliie reflectance (before correction) 19.50 18.50 20.10 20.00
target reflectance (after correction) 10.00 11.40 12 50 12.20
Mavrokolimbos Dam (16km from Paphos Airport)
mt-satcllite reflectance (before correction) 15.20 13 60 11 10 9.40
target reflectance (after correction) 2.50 3 70 1 90 0 73
Asprokremmos Dam (4 km from Paphos Airport)
at-satcllite reflectance (before correction) 14.80 13.00 10.40 8.10
target reflectance (after correction) 1.95 2.80 0 90 0 01
Table 8-9. Reflectance values in % of three features before and after 
correction in the Cyprus area (Paphos) using "standard 
values" given in Table 8-1
By using the ground data acquired at Paphos Airport concrete aprons the 
algorithm was applied to examine whether there is significant difference in the 
correction results with the previous case in which "standard" values w ere used. 
Regression coefficients (m) and (c) required for the algorithm w ere calculated and 
presented in Table 8-10.
Dependent variable Independent variable TM
bands
Slope
(m)
Intercept
at-satellite reflectance 
3-6-85
Ground reflectance
concrete; Paphos Airport ground data
dark target: "standard"
1 0.43 0.14
2 0.54 0.115
3 0.74 0.097
4 0.83 0.087
Table 8-10. Regression coefficients obtained for applying o f the proposed 
algorithm for the Cyprus image using Paphos GER 1500 ground 
data shown in Table 5-16 (Chapter 5)
8-18
Table 8-11 presents reflectance values o f different feature points o f  the image 
before and after correction when Paphos A irport's  GER1500 data w ere used.
Reflectance values in % (before and after atmospheric correction)
T M l TM2 TM3 TM4
asphalt parking place (at Paphos Airport)
ai-sateliiio reflecinnce (bcfore correction) 19.50 18.50 20,10 20,00
target reflectance (after correction) 12.30 13 00 14 00 13.00
Mavrokolimbos dam (16km from Paphos Airport)
at-satellite reflectance (before correction) 15,20 13.60 11,10 9.40
target reflectance (after correction) 2 10 3 60 1.85 082
Asprokremmos Dam (4 km from Paphos Airport)
at-satellite reflectance (before correction) 14,80 13.00 10,40 8.10
target reflectance (after correction) 1.78 2.68 0.94 0.0
Table 8-11. Reflectance values in % of three feature points before and after 
correction in the Cyprus area (Paphos) using Paphos Airport 
ground data.
From  equation (8-4) the intercepts coefficients used in the algorithm corresponds 
to t^ .p^  in which represents the atmospheric path radiance multiplied by the
absorption transmittance factor. The following two cases shown in Tables 8-8 
and 8-10 w ere investigated and compared:
♦ case 1: using standard values shown in Table 8-1 for both bright and dark 
targets.
♦ case 2: using in-situ ground data for Paphos Airport bright aprons shown in 
Table 5-16 (see Chapter 5) and standard values for dark target.
By comparing the intercepts values found from the above two cases, it is apparent 
that the t^ .p^  w ere very similar and the only dififerences w ere occurred in the
slope regression coefficient which is equal to . Comparing the
results on both cases (see Tables 8-9 and 8-11), it is apparent that the corrected
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reflectance values for Asprokremmos and Mavrokolimbos dams are very similar. 
For the asphalt surface car park differences o f  18 % for TM  band 1 and 6-12 % 
for TM  band 2, 3 and 4 were found.
Ground measurements o f Paphos Airport were made on 22/6/99 (see Chapter 5). 
The average o f ground measurements was used to  compare the atmospheric 
corrected reflectance values for the same place (as shown in Tables 8-9 and 8-11). 
The percentage difference between the ground data and the atmospheric corrected 
data are shown in Table 8-12. From Table 8-12, it can be seen that the percentage 
difference between the ground data and the corrected data when ground truth for 
the concrete aprons at Paphos Airport were used in the algorithm, was less than 7 
% in the TM  bands 1 , 2 , 3  and 4. W hen "standard values " were used in the 
algorithm, the difference was 13 % in TM  band 1 and less than 8 % in TM  bands 
2, 3 and 4. The 13 % difference may be due to  the different type o f  concrete 
between the Heathrow Airport and Paphos Airport.
Reflectance values in % (l)cfore and after atmospheric correction)
T M l TM2 TM3 TM 4
asphalt parking place (at Paphos Airport)
at-satellite reflectance (before correction) 19.50 18.50 20.10 20.00
Ground reflectance (using GER1500) 11.50 12.45 13.50 12.80
Case 1: Usine "standard values" shown in Table 8-1 for both bright and dark targets.
target reflectance (after correction) 10.00 11.40 12.50 12.20
Difference % 13% 8% 7% 5%
Case 2: Usine Pauhos Airport aprons eround data for brieht tareet and "standard" values for 
dark target
target reflectance (after correction) 12.40 13.00 14.00 13.00
Difference % 7% 4% 4% 2%
Table 8-12. Percentage differences between the corrected and ground 
reflectances for asphalt (car park) surface in Paphos Airport.
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Figure 8-2. H eathrow  A irp o rt’s aprons and runw ays. T erm inal 4 (H eathrow  A irp o rt 
apron) is ringed for clarity  (the place in which G ER1500 spectro -rad iom etric  
m easurem ents w ere acquired). O th e r b rig h t ap rons and  taxw ays are  labelled 
in the Landsat-5  TM  im age in figure (a). A sphalt runw ays a re  also labelled. 
The direction and location of pho tograph  (b) is labelled in figure (a).
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Figure 8-3. Scatter plots and least-squares regression lines o f the (a) TM  band 1;
(b) TM  band 2; (c) TM  band 3; and (d) TM  band 4 image subject 
to correction (4/7/85) and field measured target reflectances 
(continued overleaf).
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Chapter 9
Using reservoirs as suitable dark 
targets in the assessment of 
atmospheric pollution
9. USING RESERVOIRS AS SUITABLE DARK TARGETS IN THE 
ASSESSM ENT OF ATM OSPHERIC POLLUTION
The objective o f  any atm ospheric correction m ethod as show n in  Chapters 6  and 
7, is to  determ ine the atm ospheric effects. In  this thesis, the  m ain task  w as to  
rem ove the atm ospheric effects from  satellite images o f  reservoirs. A  possible use 
o f  the  determ ined atm ospheric effects, is to  examine the atm ospheric pollution 
using satellite rem ote sensing. In  this C hapter tw o  new  m ethods are developed to  
assess the  atm ospheric pollution using satellite images. These are the  following
♦ the spatially & temporally variant darkest pixel (STV-DP) m ethod in  w hich the 
derived atm ospheric path  radiances (Rayleigh and M ie scattering) from  inland 
w ater bodies in the  scene are used to  assess spatial and tem poral variations o f  
atm ospheric pollution for images acquired in a short interval time. The m ethod 
is based on  the fact any changes betw een the derived atm ospheric path  
radiances can be attributed to  varying degrees o f  scattering and absorption by 
varying concentrations o f  aerosols (including haze) since m olecular scattering 
is assum ed to  be constant w ith  tim e in  the same geographical area.
♦ the  comhined procedure of radiative transfer calculations and the darkest 
pixel approach (RT-DP). In this m ethod constant atm ospheric conditions are 
assum ed within a small area o f  interest (AOI) in the  image. The use o f  RT 
calculations enabling the derivation o f  the  aerosol optical thickness from  
reservoirs in the scene. A erosol optical thickness is used a too l to  assess the 
atm ospheric pollution for images acquired in a short interval time.
Landsat TM  band 1 is used in both  m ethods since w ater vapour absorption is 
found from  the literature to  have negligible effects in this w avelength region 
(Forster, 1984; Kaufinan, 1989). The assessm ent o f  atm ospheric pollution is 
explained by changes o f  aerosols. A erosols are generated in industrial and urban 
areas from  gases like SO 2 and N O 2 in chemical reactions in the  hum id air 
environm ent (Taylor and Scott, 1990; W aggoner et a l, 1981)
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In  the following sections, a literature review  o f  using earth  observation to  detect 
atm ospheric pollution and description through application o f  the  new  m ethods are 
presented.
9.1 Literature review on atmospheric pollution
The use o f  earth  observation to  detect atm ospheric pollution in  different 
geographical areas and especially in cities has received considerable attention (for 
example, K aufinan and Fraser, 1983; Kaufinan et al., 1990; Sifakis and 
Descham ps, 1992; Retalis, 1998; Retails et al., 1998; Sifakis et al., 1998; Retails 
et al., 1999; W ald and Balleynaud, 1999; W ald et al., 1999). All the  studies have 
involved the determ ination o f  aerosol optical thickness. They used air pollution 
and m eteorological data to  support their findings.
K aufinan et al. (1990) developed an algorithm  for determining the aerosol optical 
thickness (using land and w ater dark targets) from  the difference in  the  upw ard 
radiance recorded by the satellite betw een a clear and a hazy day. H is m ethod 
assum es that the surface reflectance betw een the clear day and the hazy day 
im ages does no t change. K aufinan et al. (1990) recom m ended choosing im ages a 
short tim e apart, and tha t solar zenith angles and observation angles should be as 
close as possible to  avoid any effects o f  non-Lam bertian surfaces w hich m ight 
result in  different reflectance values.
Sifakis and Descham ps (1992) used SPO T images to  estim ate the  distribution o f  
air pollution in the city o f  Toulouse in France. They developed an equation to  
calculate the  aerosol optical depth difference betw een one reference im age 
(acquired under clear atm ospheric conditions) and a polluted image. Their 
m ethod w as based on the fact that after correction o f  solar and observation angle 
variations, the remaining deviation o f  apparent radiances is due to  pollutants.
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Retalis (1998) and Retalis et al. (1999) showed that an assessm ent o f  the air 
pollution in A thens can be achieved using the L andsat TM  band 1. They 
developed a new  algorithm  based on the optical thickness (optical density) 
relationship found by Sifakis and D escham ps (1992) and on the fact that images 
acquired w ithin a limited tim e interval their reflectances are no t drastically 
changed. W ald and Baleynaud (1999) found that Landsat T M  band 6  (thermal 
band) are highly correlated w ith the am ount o f  black particulate.
9.2 Spatially and temporally variant darkest pixel (STV-DP) method: 
assessment o f the atmospheric pollution in the Heathrow Airport region.
B ased on  the use o f  the dark objects, the  STV -D P algorithm  w as developed to  
assess the  air pollution using L andsat T M  images in the  area o f  H eathrow  Airport.
P. 2.1 Suggested methodology
The proposed  m ethodology for the STV -D P technique is described below:
1) I t is recom m ended to  divide the image under investigation into different sub- 
regions. In  the case w here m any dark objects appeared in  the scene it is 
necessary to  calculate separately the darkest pixel for every sub-region. This is 
m ore im portant for hazy atm ospheres w ith  spatial variability.
2) By applying the principle o f  the D P m ethod, every dark pixel in the  sub-region 
represents the  atm ospheric pa th  radiance in this region. The atm ospheric path  
radiance is a function o f  to ta l optical thickness w hich is the  term  used to  define 
the prevailing atm ospheric conditions.
3) The observation angle o f  the images m ust vary by only a few  degrees in order 
to  reduce the influence on  electrom agnetic radiation o f  non-Lam bertian 
surfaces (Kaufinan et al., 1990; Retalis et al., 1999) and to  ensure tha t any
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changes betw een the selected images can be attributed to  the  distribution o f  
aerosols.
4) Significant changes in atm ospheric pressure betw een im ages m ay lead to  
changes in the scattering o f  perm anent gasses (Rayleigh scattering). Rayleigh 
optical thickness is dependent only on the variation in surface pressure at the 
targe t while the  uniformly mixed gases are constant (Chahine, 1983; Steven 
and Rollin, 1986; Kaufinan, 1989). As it w as show n in Chapter 7, very small 
changes o f  atm ospheric pressure have negligible effect in the  Rayleigh optical 
thickness. Therefore, Rayleigh scattering is considered to  be constant w ith  
tim e in the  same geographical area in all the images. O zone has a variable but 
m inor effect (Forster, 1984). W ater vapour effects are assum ed to  be constant 
th rough the limited interval o f  the  images (based also on the available relative 
humidities). The reason tha t the  Landsat TM  band 1 is used  is to  minimise the 
effect o f  w ater vapour absorption. Forster (1984) found tha t the  w ater vapour 
absorption is m ost significant to  the  near-infrared wavelengths. I f  these 
conditions are m et then  any significant variations o f  atm ospheric pa th  radiance 
betw een the images will be due to  changes in the distribution and changes in 
concentrations o f  aerosols.
9.2.2 Heathrow Airport area
H eathrow  A irport has an im pact on the air quality o f  its surrounding areas. This is 
due n o t only to  emissions from  aircraft and the airport itse lf bu t also from  the 
traffic and other industrial activities involved in the area o f  airport (Stebbins et ah, 
1999). The H eathrow  A irport is situated close to  the  London orbital m otorw ay, 
the M 25, w hich is one o f  the m ost heavily used m otorw ays in E urope and w hich 
contributes significantly to  the  air pollution levels in the  area (Stebbins et al., 
1999). In  the H eathrow  area roads have flows o f  typically m ore than  19,000 
vehicles per day. In  C hapter 4, it w as show n that aircraft emission is a significant 
polluting param eter in the area o f  H eathrow  Airport. M aps showing the national
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annual concentrations o f  prim ary (sulphur dioxide) and secondary pollutants (e.g. 
ozone) provide evidence th a t the  London area (including H eathrow ) is the  m ost 
polluted area in w hole country (h ttp ://w w w .aeat.co.uk/netcen/airqual/reports/ 
brochure/how .htm l). Therefore, it is expected that the m ost significant pollution 
m ay be found near the A irport region.
9.2.3 Application to the Landsat TM-5 images
Three images, the  17/5/85, 2/6/85 and 4/7/85 having similar solar zenith angles 
w ere used  (see Table 9-1). The m eteorological data reported  on those dates are 
show n in Table 9-1.
F rom  Table 9-1, it is apparent tha t the  values o f  atm ospheric pressure and R H  % 
w ere approxim ately o f  the  same m agnitude. Therefore, it w as assum ed th a t there 
w as no significant difference in the scattering due to  perm anent gasses. B y using 
Landsat T M  band 1 (0.45-0.52 |im ) images, absorption from  w ater vapour in this 
spectral region betw een the examined days is eliminated.
Image Solar zenith Atmospheric Visibility RH
date angle pressure {mhars) {km) %
17-May-85 37.02 1023.3 13.2 54.00
02-Jiine-85 34.60 1024.9 26.2 55.00
04-July-85 34.92 1016.00 7.5 60.40
Table 9-1. Meteorological data for the Landsat TM images acquired 
between M ay-July 1985.
By dividing the  15 km  x  12 km  area into a grid o f  20 squares o f  3 km  x  3 km  so 
that every inland w ater body (reservoir, pond, sew erage w orks, river, lake) w as 
included in a  3 km  x  3 km  square, the  darkest pixel atm ospheric technique w as
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applied to  every sub-region (see Figure 9-1). Considerable care w as needed w hen 
selecting the darkest pixels so as to  ensure that they corresponded to  w ater (dark 
areas).
A s w as show n in C hapter 6 , for the 2/6/85 image, the darkest level o f  radiance 
observed at the  satellite over the  reservoir system w as 39.4 W /m^/sr/pm. From  
the sub-regions, it w as found tha t the  darkest pixel, representing atm ospheric path  
radiance ranged from  39 to  47 W /m^/sr/pm. F or the 4/7/85 im age the range o f  
atm ospheric pa th  radiances w as found to  be 64 to  77 and for 17/5/85, 55-59 
W /m^/sr/pm. The significant spatial change o f  atm ospheric path  radiance on 
4/7/85 im age is probably the reason that the visibility value obtained from  
H eathrow  A irport area (Site A), w as n o t sufficient to  obtain the aerosol optical 
thickness for the reservoirs, 2-5 km  away. Furtherm ore, the  significant 
atm ospheric path  radiance changes betw een the "relatively clear image" o f  2/6/85 
and the o ther polluted images is apparent.
Sub-regions w ith  high atm ospheric path radiance w ere assum ed to  correspond 
mainly due to  areas w ith  higher concentrations o f  aerosols. Contours o f  
atm ospheric path  radiance for the  three images w ere prepared (using the W inSurf 
program m e). Figure 9-2 to  9-4 shows the value o f  the  atm ospheric pa th  radiance 
(darkest pixel) for every 3 km  x3 km  square and the contours for the  same day 
draw n from  W insurf. It is apparent that the high values o f  atm ospheric path  
radiance correspond to  a high polluted image (due to  aerosols), the  4/7/85 and 
low  atm ospheric path  radiance to  a less polluted image, the 2/6/85. A n alternative 
interpretation m ay be that the high path  radiance values in the 4/7/85 image are 
due to  its general cloudiness (see A ppendix T. image gallery ). By examining the 
spatial variability o f  atm ospheric path  radiances in every image, the higher 
atm ospheric path  radiance w as found in the  squares that correspond to  H eathrow  
A irport (see shaded squares in Figures 9-2a, 9-3a and 9-4a). By considering that 
the there w as no significant difference due to  Rayleigh scattering betw een the 
examined days any temporal differences in atm ospheric path  radiance o f  the  same 
region (sam e square o f  3 km  x  3 km ) can be explained as differences due to
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aerosol concentrations. F o r example, by com paring the atm ospheric path  
radiances corresponds to  Site A  (see Figures 9-2a, 9-3 a and 9-4a), suggests that a 
possible significant "pollution episode" occurred on  4/7/85 since it differs 
significantly fi*om the image on 2/6/85. The differences o f  atm ospheric path  
radiances (ALp) betw een the 2/6/85 image and the 17/5/85 and 4/7/85 images 
w ere ALp(May->june)=12 and ALp(june->My)=25 (in W/m^/sr/|am).
Image date Atmospheric path radiance
(W/m^/sr/fim)
17-May-85 59
02-June-85 47
04-July-85 72
Table 9-2. M agnitude o f atmospheric path component in radiance (Landsat 
TM  1) in the Heathrow Airport 3 km x 3 km square (labelled as 
Site A  in Figures 9-2a, 9-3a and 9-4a).
A n attem pt w as m ade to  correlate the  atm ospheric path  radiance for the  H eathrow  
A irport region (Site A) w ith  the visibility values obtained at the  same area. Turner 
and Spencer (1972) found that visibility can be used  to  define the am ount o f  
particulates in  cases w here very little absorption occurs due to  gases and aerosols 
and the prim ary attenuation is due to  scattering. Sifakis and D escham ps (1992) 
used the visibility values to  assess their m ethod o f  m apping air pollution using 
SPO T satellite imagery. A  positive high correlation o f  r^=0.94 betw een the 
visibility at H eathrow  A irport and the deduced atm ospheric pa th  radiance (see 
Figure 9-5) supports the qualitative assessm ent o f  the  atm ospheric pollution 
variation from  image to  image. N o air pollution data (such as smoke, CO, SO 2) 
w ere found at H eathrow  A irport and other areas (in every square), so any
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validation o f  the  spatial and tem poral variations using actual air polluting 
param eters w as impossible.
By com paring the available ground data for concrete aprons at H eathrow  A irport 
w ith  the at-satellite reflectance on the three images, the less atm ospheric affected 
images w ere the 5/3/85 and 2/6/85 and the m ost polluted w as the one acquired on 
4/7/85.
Generally speaking by ignoring
♦ the criterion o f  the  limited tim e interval o f  image acquisition to  avoid any 
significant changes in surface reflectance
♦ and any m inor w ater vapour and ozone absorption
and by extracting the atm ospheric path  radiance only fi’om  the reservoir system  for 
all the available images (in the w hole 15 km  x  1 2  km  area), it can be also 
concluded tha t on the 4/7/85 and 28/6/86, the pollution o f  the atm osphere w as the 
highest from  all the  tim e-series images (see Figure 9-6).
9.3 Combined procedure of radiative transfer calculations and the darkest pixel 
approach (RT-DP) to extract the aerosol optical: the use o f aerosol optical 
thickness to assess air pollution.
A  com bination o f  the darkest pixel principle w ith  R T  equations and the reservoirs' 
ground reflectances is presented here, to  examine how  the aerosol optical 
thickness can be determined. The extraction o f  aerosol optical thickness from  
large-scale air pollution areas provides a meaij^to assess the  air pollution in these 
areas (Kaufinan et ah, 1990). The m ain sources o f  form ation o f  aerosols 
(particulates) com e from  emissions o f  gasses mainly due to  m an-m ade and natural 
sources (D epartm ent o f  the Environm ent, 1996), therefore the  use o f  aerosol 
optical thickness w as found in the literature to  be a valuable param eter to  assess
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air pollution (for example, Sifakis and Descham ps, 1992; Retalis, 1998). The 
proposed  procedure is applicable to  Landsat TM  band 1 in w hich w ater vapour 
absorption is negligible and the w ater leaving radiance is no t very  low  (near to  
zero) like the Landsat T M  band 4 (0.76-0.90 pm ). Griggs (1975) found tha t M SS 
band 4 (0.8-1.1 pm ) is no t useful fo r aerosol determ ination due to  the  fact that 
w ater leaving radiances for this band are very small.
Several authors have show n how  the darkest pixel approach can be used to  
determ ine the aerosol optical thickness (Griggs, 1975; K aufinan and Sendra, 1988; 
K aufinan et a l, 1990; Hill and Sturm; 1991; Gilabert et al., 1994). As w as 
described in C hapter 6 , tw o versions o f  the darkest pixel m ethod are w idely used; 
the  simplest one, involving the assum ption that dark areas have 0  %  target 
reflectance and the recorded reflectance corresponds to  the effect o f  the 
atm osphere; the  second states that the  reflectance o f  a dark object (e.g. lake, 
ocean etc.) is low  but n o t zero and an assum ed value o f  surface reflectance (either 
obtained firom ground m easurem ents o r from  the literature) fo r th a t target can be 
used (Teillet and Fedosejevs, 1995). The first version o f  the D P m ethod is simple 
and by ignoring atm ospheric transm ittance and diffuse sky irradiance, the  
atm ospheric pa th  radiance can be calculated. H ow ever w ith  the second m ethod, 
by using R T calculations, the aerosol optical depth can be determ ined (Teillet and 
Fedosejevs, 1995). In  this section, using the second version o f  DP, a new  
procedure for determining the aerosol optical thickness using eutrophic reservoirs 
as controllable dark objects is described.
In  the proposed R T-D P m ethod, secondary contributions to  the  atm ospheric path  
radiance from  the surrounded land are neglected.
F or TM  band 1, the retrieved target reflectance is approxim ated by (Hill and 
Sturm, 1991):
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_  ^ {Lts-Lp)  (9-1)
w here
ptg is the target reflectance at ground level
Z/  ^ is the  at-satellite radiance
Lp is the  atm ospheric pa th  radiance
Eq is the  global irradiance reaching the ground
t{ju) t  is the direct (upw ard) target-sensor atm ospheric transm ittance
F or a dark object such as a large w ater reservoir the target reflectance (at ground 
level, =  p^ g is very low  bu t is no t zero. F rom  this large reservoir the  darkest
pixel will be seen at-satellite to  have a radiance L^  = L^. Therefore equation (9- 
1) can be re-w ritten  as:
^  (9-2)
w here
p^ g is the dark target reflectance at ground level
is the  dark target radiance at the  sensor in W /m^/sr
By ignoring any absorption fi-om ozone o r w ater vapour and by using the equation 
given by Hill and Sturm  (1991), the global irradiance reaching the target is
£<3 = £o exp [-(l/2  r, +1/ 6  (9 .3)
w here
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Eq is the solar irradiance at the top  o f  the  atm osphere in W/m^
is the  Rayleigh optical thickness 
Tg is the  aerosol optical thickness
Po /^o=cos(6»o)
A s w as described in Section 6.1.4 the atm ospheric path  radiance can be separated 
into tw o term s, the  Rayleigh and aerosol pa th  radiances (G ordon and Clark, 1981) 
i.e.
F o r each T M  band 1,
Lp -  Lpr +
w here
L is the  atm ospheric path  radiance due to  Rayleigh scattering in W /m^/sr
is the  atm ospheric path  radiance due to  M ie (aerosol) scattering in W /m  /sr
F or the evaluation o f  path  radiance due to  Rayleigh scattering, the  equation given 
by Saunders (1990) and Gilabert et al. (1994) can be used
(£ o .c o s ( 6»„).P,) (9-5)
4;r(cos(6»o) +  cos(6>^ ))
{l-exp[-ir,(l/cos^„ +1/ cos(9)]|.<3,^ o1'-^ o, t
w here
Lp^  is the atm ospheric pa th  radiance due to  Rayleigh scattering
Eq is the solar irradiance at the  top  o f  the  atm osphere
is Rayleigh scattering phase function
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6q is the solar zenith angle
0^  is the sensor viewing angle
T,. is the Rayleigh optical thickness
/ t  is the  transm ittance factor due to  w ater vapour
T is the transm ittance factor due to  ozone
The effect o f  ozone and w ater vapour absorption in the Landsat TM  band 1 is 
considered negligible (Forster, 1984). Therefore T=1 and t  = 1 . A s w as 
show n in C hapter 7, the  Rayleigh optical thickness, and the Rayleigh scattering 
phase function ZJ. are well established. These can be calculated using equations 
(7-11) and (7-29).
The aerosol optical thickness w as calculated using the form ula given by Yi-Yi 
(1982):
( £ q . c o s ( ( 9 o ) . / ’J  1  (9-6)
4;r(cos(^„) +  cos(0^))
| l  -  e x p [-  ^ .(l/co sg o  + l /c o s 6>^)]|.<i,^ot. t .  
expF- r^ ( l /c o s 5 „ +  1/co s^ ^ )]
w here
Lp^  is the atm ospheric path  radiance due to  M ie (aerosol) scattering in  W /m^/sr
co^  is the aerosol single scattering albedo
is the aerosol scattering phase function 
Tg is the aerosol optical thickness
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The aerosol single scattering albedo ( 6 )  ^) denotes the  ratio betw een the  aerosol 
scattering coefficient and the to ta l extinction coefficient (scattering +  absorption) 
(Kaufinan, 1989). F rom  m easurem ents o f  the single scattering albedo at ground 
level, W aggonver et al (1981) found for urban and residential areas co^  ranges 
from  0.73-0.87 and for rem ote areas co^  ranges from  0.89-0.95. The area under 
investigation is considered as sub-urban w ith residential regions, so a value o f  
co^  =  0.80 is used here as approxim ation. I f  the  aerosol single scattering albedo is 
equal to  1, this corresponds to  a perfectly scattering aerosol (Chandrasekhar, 
1960).
The aerosol scattering phase function is calculated using the T T H G  equation 
presented in  Chapter 7 (see equation 7-15).
The rem aining unknow ns in equation (9-2) are the  aerosol optical thickness and 
the reflectance value o f  the  dark  target. Since the darkest pixel w as calculated in 
C hapter 6  from  the reservoir system, the dark reflectance s h o u ld ^  c o ^  from  the ^  
range o f  ground m easurem ents for all the reservoirs. It w as m und fi-om light 
readings (see Section 5.3) that during M ay-June the reservoirs have the clearest 
w ater. Also, based on the fact that the "darkest pixel" should be the m ost black 
target i.e. represent the low est reflectance values, the  minimum values from  the 
range o f  ground values found in Section 5.2 (see also Table 10-3), has been 
selected. This is the reflectance o f  3 %  in TM  band 1.
B y combining equations (9-2) to  (9-6) and solving for , the optical thickness 
due to  particulate m atter (aerosols) can be calculated. The key param eters in  the  
above RT-D P approach are the at-satellite radiance firom a dark object such as 
reservoir, the reservoir reflectance value at ground level and the aerosol scattering 
phase fimction. In  C hapter 2 and 6  it w as noted that the  aerosol phase function is 
one o f  the optical characteristics o f  aerosols w hich m ust be accurately defined. In 
this case, the approxim ation param eters and the T T H G  equation w ere  used  to
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m odel hazy atm osphere w ith  continental aerosols (G ilabert et ah, 1994 and Hill 
and Sturm, 1991). By selecting TM  band 1 in w hich the absorption is assum ed to  
be minimum, and by using images acquired over a short interval tim e (Kaufm an et 
a l, 1990) w ith  a nearly constant range o f  relative humidity, scattering due to  
m olecules and particulate m atter w ere assum ed to  represent solely the 
atm ospheric path  radiance term . Furtherm ore it w as assum ed that the  w ater 
optical properties during the short period o f  tim es did no t change dramatically. A  
value o f  3%  reflectance (the minimum reflectance from  ground data) w as used for 
the  darkest pixel reflectance in TM  band 1.
The R T -D P approach has been an empirical one based on  theoretical calculations 
o f  atm ospheric modelling. In  order to  m ake the com putations m anageable, certain 
approxim ations about atm ospheric param eters such as aerosol single scattering 
phase function and single scattering albedo have been made. B ased on the fact 
that w ith  atm ospheric m odelling is difficult to  determ ine the real atm ospheric 
conditions (Griggs, 1975), errors are expected.
The key assum ptions that correspond to  the proposed R T-D P algorithm  are the 
following:
♦ the surface reservoir reflectance does no t vary betw een the im ages and the 3 % 
reflectance value in  the TM  band 1 w as adequate,
♦ the effects o f  m ultiple-scattering are neglected,
♦ relative humidity does no t have a significant effect on  aerosols (absorption)
9.3.1 Application to Landsat TM images o f Lower Thames Valley area (UK)
The R T-D P m ethod w as applied to  im ages acquired on 17/5/85, 2/6/85 and 4/7/85 
w ith  similar solar zenith angles. Using the darkest pixel values (in radiance) found 
from  the m asked images o f  reservoirs (see C hapter 6 ); the  Rayleigh optical 
thickness, Rayleigh and aerosol (TTH G ) phase function (see C hapter 7), the
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aerosol optical thickness w as determ ined for each image. The results are 
presented in Table 9-3.
Im ag e  d a te Visibility' C a lcu la ted  aeroso l op tical
{km) th ickness
17-May-85 13.2 0.58
02-Jmie-85 26.2 0.13
04-July-8 5 7.5 0.76
Table 9-3. Derived aerosol optical thickness using RT-DP method for 
images acquired on 17/5/85, 2/6/85 and 4/7/85. Visibility data 
obtained from Heathrow Airport for the satellite overpass are 
presented.
B y relating aerosol optical thickness w ith  the visibility values show n in Table 9-3, 
a linear regression w as fitted, a correlation coefficient r^=1 .0 0  w as found and 
observed significance 0.01<0.05 (see Figure 9-7). P revious literature (see Section 
9.2.3) has show n that visibility is closely related to  the aerosol optical thickness. 
F rom  Table 9-3, it is apparent that the  image acquired on 4/7/85, the aerosol 
optical thickness w as significantly increased. This m eans tha t aerosol 
concentrations m ight be increased on 4/7/85 due to  high emissions fi-om prim ary 
sources, such as road  transport and industrial activities, w hich are the  m ain 
sources o f  aerosol tem poral variability (D epartm ent o f  the  Environm ent, 1996). 
Therefore the  air pollution in the  H eathrow  area w as m ore significant in July than 
M ay-June. The visibility data found at the  satellite overpasses support this 
finding.
B y ignoring the criteria and the assum ptions governed this m ethod, the  RT-D P 
m ethod w as applied in all the o ther images in w hich no cloud o r snow  w as
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appeared in the reservoir. The derived aerosol optical thickness for every image is
shown in Table 9-4.
Image date Calculated aerosol optical thickness
12-April-84 0.40
5-March-8  5 0.31
29-September-85 0.60
8 -March-8  6 0.55
28-June-86 0.70
Table 9-4. Derived aerosol optical thickness using RT-DP method for images 
acquired on 12/4/84, 5/3/85, 29/9/85, 8/3/86 and 28/6/86.
From  the derived aerosol optical thickness o f  every image show n in Tables 9-3 
and 9-4, it can be concluded that the  m ost atm ospheric polluted im ages due to  
particulate w ere the 4/7/85 and 28/6/86, and the less polluted w ere the 2/6/85 and 
5/3/85 images.
9.3.2 Application to Landsat TM images o f Athens (Greece)
The im ages acquired on 15/8/88 and 31/8/88 w ere used since their solar zenith 
angles w ere very close to  each other. The available atm ospheric pollutants and 
m eteorological data are show n in Table 9-5.
Since no ground data w ere available for the dark objects in the  A thens images, 
assum ed values had to  be used. Teillet and Fedosejevs (1995) Teillet and 
Fedosejevs (1995) used a reflectance value o f  0.024 (2.4 % ) w hich correspond to  
Canadian lakes for TM  band 1 in their darkest pixel approach. In  the  present 
study, based on the fact tha t M arathon lake (Athens) is eutrophic, the 0.03 (3% ) 
reflectance value in TM  band 1 found in the  L ow er Tham es Valley eutrophic
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reservoirs was used as an approximation. The retrieved aerosol optical thickness
for the Athens images are shown in Table 9-6.
Tmage
date
EH
(%
T CO
{mg/m^)
NO: SO: Smoke
15-8-88 38.6 29 7 1 7(P) 55 (P) 21 (P) 42 (P)
2.0 (A) 89(A) 6(A ) 25(A )
31-8-88 50.6 28 13.2 (P) 561 (P) 146 (P) 241 (P)
9.4 (A) 524 (A) 122 (A) 142 (A)
Table 9-5. Atmospheric pollutants (recorded at Patission and Athinas 
stations) and meteorological data for the satellite overpass for 
15/8/88 and 31/8/88 images (P: Patission, A: Athinas).
Image date Calculated aerosol optical thickness
15-August-1988 0.40
31-August-198 8 0.80
Table 9-6. Derived aerosol optical thickness using RT-DP method for 
Athens images acquired on 15/8/88 and 31/8/88.
From  the application o f  this m ethod to  the images o f  Athens, it is apparent that 
from  the available pollutants at the tim e o f  the satellite overpass, the image 
acquired on 15/8/88 should be m ore clearer than the image acquired on 31/8/88 
(Retalis et a l, 1999). Retalis et a l  (1998) report that
"According to  the data o f  the ground based atm ospheric pollution 
m onitoring netw ork, the first image (15/8/88) corresponds to  a day w ith 
no pollution problem s.... The second image (31./8/88) corresponds to  a 
day w ith a well defined atm ospheric pollution problem. N itrogen dioxide 
and ozone exceeded the respective alert levels for which anti-pollution
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m easures are taken, w hereas sm oke alm ost equals the  respective alert 
levels", (pp.363-364).
Therefore, from  the high estim ated aerosol optical thickness for the  image 
acquired on 31/8/88 confirms tha t a heavy polluted atm osphere w as occurred on 
that date. Retails et al. (1999) in their new  technique o f  assessing the distribution 
o f  aerosols in  the area o f  A thens w ith  the use o f  Landsat T M  band 1 images, 
found tha t the  overall maximum difference in optical thickness betw een these tw o 
images w as = 0.35. W ith the application o f  the  R T-D P m ethod a close 
optical thickness difference o f  Ar^= 0.40 w ith  the one found by Retails et al. 
(1999), w as found.
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Figure 9-2. (a) The identification of the darkest pixels in every square to
provide an estimate of the atmospheric path radiance (17/5/85 image) (b) 
Contours of the atmospheric path radiance distribution for the image 
acquired on 17/5/85. The higher atmospheric path radiance corresponds to 
Heathrow Airport area (shaded area) and especially to Site A.
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Figure 9-3. (a) Darkest pixels in every square represent the atmospheric path radiance
for the 2/6/85 image (b) Contours of the atmospheric path radiance 
distribution for the image acquired on 2/6/85. The higher atmospheric path 
radiance corresponds to Heathrow Airport area (shaded area) and especially 
to Site A.
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Figure 9-4. (a) Darkest pixels in every square represent the atmospheric path radiance
for the 4/7/85 image (b) Contours of the atmospheric path radiance 
distribution for the image acquired on 4/7/85. The higher atmospheric path 
radiance corresponds to Heathrow Airport area (shaded area) and especially 
to Site A.
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Figure 9-5. Graphical presentation of the relationship between the atmospheric path 
radiance determined using the STV-DP method at Site A, and the 
visibility values obtained at the same site (Heathrow Airport).
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Figure 9-6. Temporal variation in atmospheric path radiances at the whole Lower 
Thames Valley area. The determined atmospheric path radiances 
correspond to the darkest pixels in the reservoir system.
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Figure 9-7. The aerosol optical thickness extracted from the RT-DP method is 
correlated with visibility at Heathrow Airport (measured at the time of 
satellite overpass)
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Chapter 10
Discussion
10. DISCUSSION
This C hapter describes the  m ain findings o f  the thesis under the  following 
headings;
♦ the need fo r atm ospheric corrections in general.
♦ the particular need to  carry out atm ospheric corrections w hen assessing w ater 
quality.
♦ an assessm ent o f  atm ospheric effects for tim e series im agery o f  L ow er Thames 
Valley reservoirs.
♦ ground m easurem ents associated w ith  L ow er Tham es Valley reservoirs 
(locational data, light and w ater quality data and spectral signature o f  reservoir 
w ater).
♦ ground m easurem ents o f  the spectral signature o f  concrete aprons a t H eathrow  
Airport.
♦ the effectiveness o f  available atm ospheric correction algorithms.
♦ an assessm ent o f  the m agnitude o f  atm ospheric effects fo r ground 
m easurem ents and Landsat TM  data.
♦ the developm ent o f  empirical equations to  relate w ater quality to  m easured 
reflectance, taking into account atm ospheric effects.
♦ the potential o f  using satellite rem ote sensing to  assess atm ospheric pollution 
based on the use o f  dark objects in the scene.
10.1 The need for atmospheric correction
The present developm ent o f  space-based studies o f  the earth's surface is 
characterised by the combined use o f  different type o f  satellites in o rder to  use 
space-borne means to  study w eather phenomena, climatic changes, and other 
environm ental phenomena. D espite the  continuous transm ission o f  data to  
rem ote sensing users, one o f  the m ain problem  associated w ith  target u se  and
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image in terpretation is caused by the presence o f  the  atm osphere. A tm ospheric 
interactions both  add and subtract spectral variations to  the received satellite 
signals, so that these do no t represent the true surface reflectance values. 
A tm ospheric effects can reduce the am ount and quality o f  inform ation that can be 
extracted from  the rem otely sensed data.
The m agnitude o f  atm ospheric effects in satellite rem otely-sensed images w as 
clearly show n in C hapter 1. D ue to  their low  up-welling radiance, the 
atm ospheric contribution is proportionally m ore severe over w ater bodies. From  
several studies described in the literature, it w as found that atm ospheric 
contributions in the  visible and N IR  bands o f  satellite im ages o f  inland w ater 
bodies, ranged from  38 to  alm ost 100 %.
In  C hapter 2 it w as shovm that as a result o f  atm ospheric scattering, the  spectral 
distribution o f  electrom agnetic radiation received by a satellite sensor is different 
from  that w hich is actually reflected at the ground target. Therefore, atm ospheric 
effects are m ore significant at some wavelengths than the others. F o r example, 
shorter w avelengths (e.g. 0.4-0.50 pm ) are scattered m ore than  longer 
w avelengths (e.g. 0.80-1.1 pm). This spectral dependence o f  atm ospheric effects 
causes serious problem s in the extraction o f  inform ation that can be used  in  the 
discrim ination o f  a num ber o f  physical properties o f  ground features.
In  Chapters 2, 6 , 7 it w as shown that atm osphere affects the  visible and N IR  
bands o f  a  satellite sensor by:
♦ modifying the spectral and spatial distribution o f  the electrom agnetic radiation 
(EM R) incident on the target.
♦ attenuating (scattering & absorption) the  E M R  as it passes tw ice through the 
atm osphere before reached the satellite sensor.
♦ adding an undesirable scattered com ponent, called the atm ospheric path  
radiance.
1 0 -2
Bearing in mind the above, the user must be aware o f  the atmospheric effects prior 
to  any analysis and post-processing o f image data. The type o f the target and its 
application suggests which atmospheric correction must be selected (Chapter 2). 
Indeed, w ater reservoirs need a different correction strategy than other targets 
such as open oceans.
10.2 The particular need to carry out atmospheric effects when assessing water 
quality
The use o f  current satellite sensors such as Landsat MSS, TM and SPOT H RV  for 
the remote sensing o f inland waters is restricted due to  limitations in the spatial, 
spectral (band-width) and radiometric resolutions o f the sensors. Despite these 
limitations, in Chapters 3 and 4, it was shown that satellite remote sensing 
techniques can be used to provide a more refined and synoptic coverage o f  the 
w ater quality variations within an inland w ater body. For example, by comparing 
the average values in an area o f  interest located in the middle (to avoid any 
increase o f  reflectance from the surrounded land) o f the Datchet, Wraysbury, King 
George VI and Queen Mary reservoirs, it was demonstrated that the w ater quality 
distribution in the Queen Mary reservoir was different from the others, having a 
greater average DN. Furthermore, clear visual evidence o f the w ater quality 
differences within the 10-reservoir system was found in Section 4.3.1 by simply 
applying a uniform stretch to  the time-series o f satellite images.
Satellite remote sensing specialists have traditionally used statistical techniques for 
predicting w ater quality. These predictive equations are expected to  provide an 
operational means o f monitoring the w ater quality through the use o f  satellite 
images w ithout any time consuming and substantial costs from ground-based 
measurements.
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The reduction o f costs is an important factor which in the near future may enable 
satellite remote sensing techniques to be a substitute for traditional boat sampling. 
A t the current state, a single band o f a Landsat TM  image costs £400. For every 
application, different bands can be purchased. For example, for monitoring the 
w ater quality in inland waters in the Lower Thames Valley (which consists o f  10 
reservoirs, hundreds o f  small lakes, and several ponds and rivers), a Landsat TM  
image o f  TM  1 , 2 , 3  and 4 bands is needed. It was found from Chapter 3, that for 
those applications, the spectrum required to extract w ater quality information is 
the region from 400 nm to 900 nm.
The drawbacks o f the use o f traditional in-situ sampling include:
♦ a simultaneous assessment and comparison o f all the w ater bodies cannot be 
achieved with the ground sampling.
♦ the costs o f  the personnel needed to undertake the samples, the resources used 
in the sampling measurements, and for laboratory analyses are extremely high.
♦ single-point sampling is unlikely to  be suitable to  assess the quality o f  w ater in 
each reservoir, given their large sizes.
Despite its current high cost (e.g. Landsat TM  bands 1 , 2 , 3  and 4 typically cost 
about £2000), one satellite "snap-shot" o f the area provides the opportunity to 
assess the w ater quality in all the w ater bodies simultaneously. It is expected in 
the near future that w ith further technological advance the price o f satellite images 
will reduce, and become more attractive to customers.
A  problem in using satellite remote sensing is the lack o f  availability o f  cloud-free 
images in humid environments. This makes long-term monitoring from 
space more uncertain. For example, it was shown in Chapter 4 that for this study 
for the period 1984-1986, only 12 images w ere found which had only partial cloud 
cover. From the 12 images, some o f the reservoirs w ere very heavily clouded e.g. 
24/10/85. This was the best time series that could be found over the entire period
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that Landsat has operated. In recent years only about four images were typically 
available.
The use o f multi-temporal imagery provides the means for obtaining more detailed 
information, particularly in changeable w ater quality distributions over large water 
bodies. As presented in Chapter 2, the use o f multi-temporal imagery requires 
that all the images be geometric corrected prior to  any radiometric calibration and 
atmospheric correction. In Chapter 4 it was shown that the selection o f  suitable 
ground control points (GCP's) such as river crossings, buildings etc. in the images 
under investigation enabled the geometric correction to  be more accurate. The 
only problem that was faced during the geometric registration o f  all the images 
was the heavy cloud conditions for the image acquired on 24/10/1985. In this 
case, several points were selected around visible comers o f  the reservoirs.
The lack o f  detailed and thorough investigation o f the more suitable atmospheric 
correction techniques for use in processing data from inland waters was one o f  the 
reasons that this research was undertaken. The use o f  satellite remote sensing 
techniques to determine w ater quality in inland waters has met w ith considerable 
problems due to atmospheric effects, especially in time-series o f  images. In 
Chapter 3, it was shown from the literature that there was evidence that w ithout 
calibrating and atmospheric corrected image data, the results w ere neither 
comparable temporally nor spatially. Generally, the effect o f  atmospheric 
scattering decreased correlations between bands and it was therefore suggested 
that a successful correction should provide stronger relationships between bands 
(Campbell, 1996). There was some evidence that atmospheric corrected data 
improved the correlations with w ater quality parameters such as suspended solids 
and chlorophyll-a (Verdin, 1985).
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10.3 Assessment o f atmospheric effects from the time series o f images of the 
Lower Thames Valley area.
Since atmospheric effects are not always immediately obvious from casual 
inspection, it is perhaps difficult to  decide whether atmospheric corrections are 
necessary. Two novel approaches were suggested in Chapter 4 (Section 4.3.1) 
for multi-temporal images. The first one was based on examining the average DN 
o f the same area o f reservoir in all the available images. Based upon the high 
DN's found in TM  band 4, it was concluded that atmospheric contributions are 
large and vary significantly. This was supported by the literature, which showed 
that w ater has negligible radiance at near infra-red wavelengths (Ahem et al., 
1977; Almanza and Melack, 1985, Bukata et a l ,  1995; Arenz et al., 1996; 
Richter, 1997, p.34). The second approach involved the application o f a uniform 
stretch to all the images, after the land had been masked, so that only w ater bodies 
appear in the scene. Any noticeable temporal variations after the application o f 
this uniform stretch could be explained by varying atmospheric contribution.
10.4 Ground measurements associated with Lower Thames Valley reservoirs
A  considerable quantity o f ground tm th  data has been obtained from various 
reservoirs in the Lower Thames Valley area. This section presents the findings 
and comments on the locational, light, w ater quality and spectro-radiometric 
measurements associated with Lower Thames Valley reservoirs.
10.4.1 Locational data
In Chapter 5, Section 5.1.7, the use o f the differential GPS to provide locational 
information when spectro-radiometric measurements were acquired, was shown to 
give a sufficient accurate matching o f the GPS readings with images o f  the same
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region. A  maximum precision o f 6m was achieved. This accuracy was adequate 
for matching Landsat TM imagery since its spatial resolution is 30m. W hen using 
a GPS without any differential correction a 100m error was introduced. 
Therefore, a GPS with differential correction is essential to locate the ground data 
within the imagery.
10.4.2 Light, water quality and spectro-radiometric measurements.
The use o f trophic status to provide a system o f lake and reservoir classification 
was introduced by a number o f authors in the past (for example, Meybeck et a l ,  
1989; Chapman, 1992 and Bukata et al., 1995). Trophic classification is usually 
performed based on the magnitude o f the chlorophyll-a and phosphorous 
concentrations, Secchi disc depth and oxygen saturation. Generally speaking, a 
water body displaying an enhanced nutrient is termed eutrophic whilst a water 
body with a low nutrient concentration is termed oligothrophic. The term 
mesotrophic is used to describe an intermediate state. Bukata et al. (1995) 
provides the following value quantification o f the trophic status o f lakes and 
reservoirs.
Trophic
category
Total P Total chl-a 
(mg/m^ )
Secchi disc depth 
(m)
oligothrophic 3 5-10 0.8-2.5 6-10
mesotrophic 10-30 2.5-6.0 3-6
eutrophic 30-90 6.0-18 1-3
hypertrophic >90 >18 <1
Table 10-1. Trophic classification of lakes and reservoirs (Bukata et ah, 
1995)
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From the w ater quality database provided by Thames W ater pic for the period 
1981-1998 and from the available light readings in 1989 (see Table 5-17 and 
Appendix 8 and 9). All the reservoirs in the Lower Thames Valley w ere found to 
be eutrophic except, Island B am  which was characterised as hypertrophic and is 
not currently used for passing w ater into the treatment works.
From the only consistent light reading database, it was found that clear w ater was 
observed in May for the Queen Mary, Queen Elizabeth 11, Staines N orth and 
South reservoirs; and in June for the Datchet and Wraysbury reservoirs. A  more 
consistent seasonal light readings database is provided for Datchet, Wraysbury, 
Queen Mary and Queen Elizabeth 11 reservoirs, with the following range o f  the 
calculated total extinction coefficients [K(par)] averaged for 430 nm, 530 nm and 
730 nm:
♦ Datchet: 0.03-0.75 m'^
♦ Wraysbury: 0.09-1.00 m'^
♦ Queen Mary: 0.01-1.00 m'^
♦ Queen Elizabeth: 0.01-1.00 m'^
A low extinction coefficient indicates relatively clear w ater and a high extinction 
coefficient turbid water. The light attenuation w ith depth plot shown in Figure 5- 
23 (Chapter 5), was found to follow an exponential fit as described in theory and 
by other studies (Kirk, 1983; Arenz, 1994). The implications o f  these values o f 
extinction coefficient in relation to  remote sensing is to  provide evidence to 
support the idea that the majority o f  the scattered reflected light from a w ater 
body comes from a surface layer o f w ater (approximately 90 %, Mobley, 1994). 
The relatively high values o f  extinction coefficients (up to 1 found in the four 
reservoirs) means that the turbid (eutrophic) reservoirs are ideal targets since 
bottom  effects are eliminated and most o f the reflected scattered light comes from 
the surface. The need was to  find out w hat happens to  the surface o f the reservoir
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1.e. how much light is reflected from the water body. This was achieved by 
carrying out spectro-radiometric measurements.
Because it is impractical to determine the reflectance at the surface, due to rolling 
o f the boat and wind effects, a new procedure was developed to  retrieve the 
surface reflectance as was shown in Chapter 5.
From Tables 5-5 to 5-10 (Chapter 5), is apparent that the reservoir surface 
reflectances are small, and have little spatial and temporal variation. For example 
for the statistics summarised in Table 5-5 for the bigger measurement campaign 
(31 readings) carried out on 3/10/98 at Queen Mary reservoir, the standard 
deviation o f  the surface reflectance ranged only from 0.12-1.00 in T M l to TM4 
bands. This confirms that very low spatial variability occurs within the reservoir.
In Chapter 5, from Figure 5-14, the reflectance near the concrete edges o f the 
Queen M ary reservoir and near to  the baffle had the highest reflectance values (up 
to 4.45%, 7.46 %, 4.86 % and 0.66 % in the TM  bands 1, 2, 3 and 4). The 
average reflectance values found for that day was 2.87 %, 4.83 %, 2.80 % and 
0.26 % in TM  bands 1, 2, 3 and 4 respectively. By comparing the values found 
near the reservoir concrete edges (over very shallow w ater) w ith the average 
values mentioned before (i.e. 2.87 %, 4.83 %, 2.80 % and 0.26 % in TM  bands 1,
2, 3 and 4), the following percentage differences w ere found between the two:
♦ 3 5 %  in TM  band 1
♦ 42 % in TM  band 2
♦ 35 % in TM  band 3
♦ 61 % in TM  band 4
This confirms how significant the effects from the shallow bottom  o f the reservoir 
can be, especially in the N IR  wavelengths (TM  band 4). Moreover, it confirms 
that land masking by automatic removal o f all those pixels that are very near to  the
10-9
edges o f the reservoir is essential prior to any further processing and statistical 
correlations (Casas and Martinez, 1989).
The intensity and distribution o f spectral reflectance o f water is affected not only 
by the presence and concentration o f dissolved and suspended organic and 
inorganic materials, but also by the depth o f the water body (Blyth, 1985; Mather, 
1999). M ather (1999) compared the spectral signature o f water at the surface and 
at 20 m depth. He found that the light intensity is greater at the surface than at 20 
m and the N IR  wavelengths have been totally absorbed (low values).
For the Lower Thames Valley reservoirs, the intensity o f the light and the amount 
o f light reflected from the reservoir was found to be higher in the low depths (for 
example, at 0.10m, 0.25m, 0.50m) than in deeper waters (for example, at 2.00 and 
3.00m). For example, Figure 10-1 shows the reflectance profile at 0 to 3 m depth 
for the Queen Mary reservoir on 23/9/98 with the higher reflectance values 
occurring at the surface. All the reflectance peaks were found to be near 568-570 
nm, in which absorption is spectrally minimum. These peaks with their 
corresponding reflectance values are shown Table 10-2.
Depth (in) Reflectance at 570 nm 
(%)
Reflectance ratio 
R/Ro (%)
Energy lost 
<%>
0 4.70 100 0
0.10 4.36 93 7
0.25 3.87 86 14
0.50 3.47 74 26
0.74 3.32 71 29
1.00 2.92 62 38
1.50 1.83 39 67
2.00 1.36 29 71
3.00 0.65 14 86
Table 10-2. Reflectance at 0-3m depths with their associated percentage loss 
of energy where R= is the reflectance at any depth and Ro= is 
the reflectance at the surface.
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As it can be seen from Table 10-2, at Im  the reflectance is 2.92 % at 570 nm and 
chlorophyll-a=12.4 pg// and POC=861 pg/7. However at 3m, the reflectance 
decreases at 0.66 % with chlorophyll-a= 10.84 and POC=795 |xg/7. This means 
that at higher concentrations o f algae and particulate carbon, at 570 nm the 
incident radiation is scattered backwards due to less absorption and high 
scattering (see Figure 10-1). The percentage o f energy lost at 0-3m depths is 
shown in Table 10-2.
As the electromagnetic radiation passes through the atmosphere it is scattered. 
The surviving irradiance after incidence on the w ater body is reflected. Within the 
w ater body the electromagnetic radiation is either absorbed by the w ater or back- 
scattered by suspended particles. The degree o f back-scattering by suspended 
solids is dependent on their concentration, particle size and organic content 
(Novo, 1989b; Han and Rundquist, 1996). For turbid waters, such as reservoirs 
or coastal turbid w ater which are characterised as case-2 waters (Robinson, 
1995), the suspended sediment is the optically-dominant constituent. Back- 
scattering by suspended sediments produces higher reflectance at all wavelengths, 
although the increase is smaller at low wavelengths at which chlorophyll-a 
absorption is dominant (Robinson, 1995). Typical Chlorophyll-a absorption bands 
are in the region below 500nm and between 640-690 nm (Mather, 1999).
As noted in Chapter 5, since turbidity is caused by particulates (silts, clays, 
plankton etc.) it can be used as an optical method o f measurement o f  suspended 
solids. From  Tables 5-18 and 5-19 (Chapter 5), for the w ater quality data 
obtained during the spectro-radiometric surveys, it can be concluded that as 
turbidity increases, the surface reflectance is also increased. For example, for low 
turbidity, 0.55 FTU (Formazin Turbidity Units), the in-band reflectance was 0.50, 
0.79, 0.33 and 0.02 % in TM bandsl, 2, 3 and 4. However for high turbidity 
levels, 4.74 FTU in the same reservoir, reflectance was increased dramatically i.e. 
2.61, 4.26, 2.32, 0.19 %. This is in general agreement with some previous studies
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in which reflectance between 400 and lOOOnm increases as the suspended solids 
content increases (Ritchie et al., 1974; Han and Rundquist, 1996, Novo, 1989b). 
Han and Rundquist (1996) reported that it is difficult to fit a relationship which will 
adequately describe the suspended solids concentration against reflectance.
A complete reflectance database for all the reservoirs in the Lower Thames Valley 
based on the spectro-radiometric measurements acquired using the GER1500 fleld 
spectro-radiometer is presented in Table 10-3.
Reservoir In-band % reflectance
T M l T M 2  T M 3 T M 4
Lower T liâmes Valley reservoirs
Datchet 0.59 0.86 0.37 0.04
Wraysbury 0.50 0.80 0.33 0.02
King George VI 0.30-1.02 0.39-1.55 0.15-0.74 0.01-0.06
Queen Mary 1.05-2.87 2.17-4.83 1.05-2.79 0.04-0.26
Queen Elizabeth II 0.22-2.87 0.55-4.79 0.15-2.94 0.03-0.27
Island Bam 0.88 1.14 0.39 0.02
Knight 0.62 0.77 0.46 0.03
Bessborough 0.52 0.62 0.33 0.06
Min-Max 0.30-2.87 % 0.55-4.83 % 0.15-2.94 % 0.01-0.27 %
Table 10-3. GER1500 data for the Lower Thames Valley reservoirs
converted to equivalent Landsat-5 TM
Very similar in-band reflectance values were found with Arenz (1994), by using 
his spectro-radiometric data for the eutrophic Colorado Front Range reservoirs 
(see Chapter 3, Table 3-4). The reflectance spectra from the Lower Thames 
Valley reservoirs were similar in shape to those o f Colorado Front Range 
reservoirs (Arenz et a l ,  1996). This can be seen from Figure 10-2, in which all 
the reservoir spectra o f both groups o f reservoirs system are presented. The 
reflectance values shown in Figure 10-2 for the Colorado reservoirs are the mean 
reflectance value from three spectro-radiometric readings per reservoir. For the 
Lower Thames reservoirs it is also the mean reflectance except for the Queen
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Mary reservoir which shows the reading acquired on 23/9/98. Arenz (1994) and 
Arenz et al. (1996) found that Colorado Front Range reservoirs w ere similar in 
shape to  the inland w ater bodies investigated by Dekker (1993). From  the eight 
reservoirs in the Lower Thames Valley, the Queen Mary reservoir had the steepest 
reflectance slopes in the blue spectral range with a gradual increase to  a peak in 
the green spectral bands. This peak was the highest in magnitude o f  the eight 
reservoirs in the Lower Thames Valley, with a reflectance near to  5% and a steep 
decline in reflectance observed from 570-600 nm. The same characteristics were 
found by Arenz et al. (1996) for the H orsetooth reservoir (see Figure 10-2). The 
Queen Elizabeth reservoir also followed the same spectral slope features but with 
a lower reflectance peak (near to 3 %). All the other reservoirs in the Lower 
Thames Valley had lower reflectance values and lower slopes in the blue to green 
than the Queen M ary and Queen Elizabeth reservoirs. B oth Colorado and 
Thames reservoirs had peaks in the green range (570 nm). This corresponds to 
the spectral minimum absorption which was expected from the literature (Almanza 
and Melack, 1985; Bukata et al., 1995; Arenz et al., 1996). All the reservoirs 
had reflectances which declined at wavelengths longer than 700 nm.
10.5 Ground measurements o f the spectral signatures o f the concrete aprons at 
Heathrow Airport.
From Section 5.2.2 the in-band percentage reflectance values w ere found for both 
a very dry and a w et concrete apron at Heathrow Airport. They are summarised 
in Table 10-4. Errors due to the shadows from the nearby buildings (new Cargo 
building), or from the nearby aircraft may have contributed to the final results and 
the standard deviation o f the readings (see Section 5.2.2). As shown in Section
6.6.3 the ground measurements over the dry concrete aprons at H eathrow Airport 
are in general agreement with the spectral plot provided by Emery et al. (1998) 
for abandoned airfield runways. By comparing the dry and w et concrete
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reflectances, a difference o f 21 %, 25 %, 26 % and 28 % was found between the 
two averages. This means that moisture conditions have a significant effect on the 
reflectance o f  the concrete aprons at Heathrow Airport. This difference is shown 
graphically in Figure 10-3.
In-band reflectance %
TMÎ TM2 TM3 TM4
Dry concrete (aprons)
Average 14.3 19.8 22.1 22.8
Wet concrete (aprons)
Average 11.3 14.8 16.2 16.3
Table 10-4. GER1500 spectro-radiometric reflectance values converted to 
in-band reflectances (%) of dry and wet concrete surface at 
Heathrow Airport aprons.
From Table 5-15, the effect o f white lines on the ground reflectance o f the 
concrete apron was found to be significant. This finding data may be relevant to 
users o f satellite sensors with better spatial resolution than Landsat-5 TM (<30 
m), in which a more detailed resolved view o f the ground surface is available.
10.6 The effectiveness of available atmospheric correction algorithms
The following two tools were used to assess the accuracy o f the available 
atmospheric corrections in the remote sensing o f reservoirs :-
♦ the corrected values o f reflectance over water reservoirs were 
compared with the in-situ spectral data
♦ the corrected values o f reflectance over water reservoirs were 
compared with those reported in the literature or found in other studies 
(Chapter 3).
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Based on the fact that m ost ground measurements w ere acquired over the Queen 
Mary reservoir, an AOI was used for the comparison o f at-satellite and retrieved 
corrected reflectance values. An AOI in the Queen Elizabeth reservoir was also 
used in some stages o f  the critical evaluation, since this was the only reservoir in 
which ground measurements could be acquired at two different periods o f the 
year. Based on the fact that some o f the images w ere acquired during the summer 
period, it was more w orth comparing the atmospheric corrected data w ith ground 
measurements acquired over approximately the same period. It was found that 
there was broad agreement between the in-band reflectances obtained from 
measurements in the Lower Thames Valley reservoirs and the Colorado Front 
Range Reservoirs. Therefore, data from the Colorado Front Range reservoirs, 
investigated by Arenz et al. (1996) and presented in Chapter 3, were used for 
comparison with the atmospheric-corrected reservoir reflectances in every ACA. 
For the images acquired on 4/7/85, 8/10/85 and 24/10/85 (a very heavily clouded 
image) and 9/11/85, the presence o f  clouds in the reservoir system made the 
evaluation more difficult.
A  critical evaluation o f all the AC methods listed in Chapter 2 is presented in the 
following sections.
10.6,1 The D arkest P ixel (DP) m ethod
From  the literature review (Dekker et al., 1995; Hope et al., 1997; Hadjimitsis, 
1997) f^om all the types o f atmospheric correction algorithm applied to inland 
waters, it was found that the most common method is the darkest pixel 
subtraction method. By simply searching in every image for dark areas, such as 
w ater areas, and by assuming that these have zero radiance in all wavebands, the 
atmospheric path radiance was estimated. These values, assumed to be the 
amount o f atmospheric scattering for each band, were subtracted from all DN's for 
that image and that band. Considerable care was taken to select suitable darkest
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parts o f  the scene which are identified as deep waters such as reservoirs or lakes. 
This was achieved by a thorough and detailed examination o f  the histogram 
distributions o f every image.
The results reported in this thesis are encouraging in suggesting the value o f using 
the most simplest atmospheric correction method found in the literature. Figure 
10-4 shows that the corrected at-satellite reflectance values are within the range o f 
reflectances measured on the two groups o f ground measurements, in the TM 
bands 1, 2, 3 and 4. Images like those o f 8/10/85 and 24/10/85 with a significant 
cloud cover within the reservoir still show high reflectance values. The strongest 
and most effective removal o f  atmospheric effects occurred in the Landsat TM 
band 1. However, in TM  band 4 the correction was not so effective. Although, 
the darkest pixel method improved the correspondence between corrected at- 
satellite and estimated ground reflectance, the results fell outside the group o f  
measurements and were variable across the time series o f  images This suggests 
that the darkest pixel method is not correctly accounting for atmospheric addition 
and attenuation in TM band 4. These findings agree with those o f M oran et al. 
(1992) for land surfaces. M oran et al. (1992) found that
"..the dark-object subtraction technique is appropriate for correction o f  TM  
band 1, where attenuation is primarily due to scattering. For TM  band 4; 
scattering is minimal, and absorption by w ater vapour is dom inant..."
(p.182)
Thus, the characterisation o f the darkest pixel method as a haze correction method 
(Chavez, 1988) was once again confirmed. It removes only the atmospheric 
effects due to atmospheric scattering without taking into account any absorption 
effects in the N IR  wavelengths.
By comparing the corrected at-satellite and estimated ground reflectance values in 
an AOI in the Queen Elizabeth II reservoir, a more general agreement o f  the DP
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corrected values was found in the TM  bands 1, 2, 3 and 4. This is shown in 
Figure 10-5. After the successful removal o f  the atmospheric effects o f  the time- 
series images, it is important to  examine how any useful information about the 
target can be achieved. For example. Figure 10-5 shows that the lowest 
reflectance from all the time-series images was received on the 17/5/1985. Low 
reflectance means low turbidity, as was shown in Chapter 5, Section 5.3.2. 
Therefore, it can be concluded that the clearest w ater in the multi-series images 
occurred on the 17/5/85. This agrees with the conclusions drawn from the 
light readings (Chapter 5), in which it was found that the clearest w ater 
occurred during May for the Queen Elizabeth II reservoir. M oreover by 
examining the spatial variation o f w ater quality in all the reservoirs, it was 
apparent that after the darkest pixel method was applied to the reflectance data, 
the high reflectance values were due to high turbidity and concentrations o f 
particulate m atter (more turbid water). For example, for the image acquired on 
5/3/85, after the application o f  the DP atmospheric correction, the highest 
reflectance values w ere found for the Queen Mary reservoir for TM  band 1, TM 
band 2 and TM  band 3 (see Figure 10-6). This can be explained by the high 
scattering due to  high concentrations o f  particulate matter and suspended solids 
and a minimal absorption by chlorophyll-a in TM band 2. The available particulate 
organic carbon (POC) concentrations during the satellite overpass for the 5/3/85 
image confirms that high reflectance values can be explained by high concentration 
o f suspended solids and particulate matter. The particulate organic carbon 
concentrations for that day were the following:
♦ for Datchet reservoir POC was 464 )ng/l;
♦ for Wraysbury reservoir POC was 440 p.g/1
♦ for Queen Mary (at the outlet which corresponds to the east part) POC was 
836 ng/1.
This means that the w ater clarity was higher in Wraysbury and Datchet reservoirs 
than in the Queen Mary reservoir. Wraysbury and Datchet are deeper and more 
m odem and use je t mixing. The Queen Mary reservoir is shallow and has no
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mixing. Therefore it is expected that both Wraysbury and Datchet would have 
clearer w ater than the other reservoirs. Figure 10-6 shows also that the water 
received in the w est part (inlet) o f Queen Mary is more turbid than in the east part 
(outlet). The King George VI reservoir had the clearest w ater o f  all the reservoirs 
on that day (see Figure 10-6). It appears that reliable information about the water 
quality are obtained after the application o f  a suitable atmospheric correction 
method.
In Chapter 6, it was shown how the darkest pixel method was used in open oceans 
to extract the atmospheric path radiance (or aerosol optical thickness). This 
required the assumption that the water-leaving radiance was zero in the mid- 
infrared (MIR) or near-infrared (NIR) and any recorded satellite signal was related 
to  the other bands as the amount o f atmospheric path radiance (or aerosol optical 
thickness). Ground reflectance values collected with the GER1500 spectro- 
radiometer o f  the range o f 0.04 to 0.26 % suggest that for eutrophic reservoirs, 
the signal in the N IR  is low but not zero. This can also be found from other 
studies in which spectro-radiometric measurements were acquired (for example, 
Almanza and Melack, 1985; Arenz, 1994). Therefore, the assumption that the 
water-leaving radiance in the near-infrared is zero, is very doubtful (Lathrop a/., 1991). 
For turbid waters such as w ater treatment reservoirs, the assumption that the 
water-leaving radiance is zero in the near-infrared is not valid, since the 
reflectance o f  the w ater is affected by suspended material (MacFarlane and 
Robinson, 1984; Lathrop et al., 1991). Results for turbid coastal w ater indicate 
that the assumption that the water-leaving radiance at 670 nm is zero leads to  an 
overestimation o f the aerosol path radiance and to wrong results for the extraction 
o f w ater biophysical parameters (Sturm, 1981). In addition, another factor which 
makes this assumption inapplicable for inland w ater bodies is the adjacent pixel 
effects from the surrounding land (Kaufrnan and Fraser, 1984). Tanre et al.
(1987) showed from analysis o f Landsat TM  imagery and by comparison between 
an ocean surface (away from the coast) and two lakes (small and large), that the
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reflectance o f  inland waters was higher than from an ocean surface, especially in 
the red and N IR  region. This was attributed to  the adjacency effect since the lakes 
were surrounded by vegetation.
Generally it appears that the darkest pixel method may be more accurate if  instead 
o f assuming that the upwelling radiance o f  w ater is completely zero some other 
w ater reflectance values reported in the literature (for example, Teillet and 
Fedosejevs, 1995) are used. However, some other atmospheric parameters are 
still unknown and can be only accurately defined using auxiliary data during the 
satellite overpass. A  further use o f  the darkest pixel method is to  extract the 
aerosol optical thickness and then to use it in an atmospheric model, which was 
found to give satisfactory results by Teillet a.nd Fedosejevs (1995). Based on 
Teillet and Fedosejevs , it is suggested that the identification o f  pseudo-invariant targets 
that can serve as dark targets in other areas and the measured surface reflectance 
o f the Lower Thames Valley reservoirs is a contribution to  this requirement.
10.6.2 Covariance Matrix Method (CMM)
As was shown in Section 6.2, several assumptions are required to  provide a guess 
estimate o f  the atmospheric path radiance, which for this method must be known a  
priori. The assumptions which w ere used are the following:
1) the atmospheric effects in the TM bands 5 and 7 (mid-infi-ared) were assumed to 
be minor
2) the target radiance in the TM  bands 5 and 7 was assumed to  be zero and the 
at-satellite signal in that bands was assumed to correspond the atmospheric 
path radiance.
3) same as assumption 2 but the target radiance in TM  band 4 was assumed to  be 
zero.
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I t was found that all the assumptions produced very similar estimates o f the 
atmospheric path radiance in TM  bands 1, 2 and 3. For TM  band 4, the estimates 
o f the additive effect for assumptions 1 and 2 were completely different from 
those found when assumption 3 was used. For TM band 4, w ith the first 
assumptions the covariance matrix method provided no correction at all. The only 
significant differences produced by the three assumptions occurred for the image 
acquired on 4/7/85 (a very cloudy image), especially in TM  bands 1, 2, and 3. 
Estimates o f the atmospheric path radiance fi*om the first assumption showed 
many negative (off-scale) values in TM  band 5 (mid-infrared). However, this was 
not observed on a systematic basis when assumptions 2 and 3 w ere used.
The first assumption in which the atmospheric effects in the TM  bands 5 and 7 
w ere assumed to  be minor, (i.e. atmospheric path radiance equal to  zero) is not 
correct. In spite o f  the fact that atmospheric scattering is more significant in the 
shorter wavelengths, absorption effects are ignored. From several studies 
described in the literature, it was shown that absorption mechanism has a 
predominant role in atmospheric attenuation in the M IR to N IR  wavelengths.
In the second and third assumption the target radiances o f  dark areas in the M IR 
(TM  bands 5 and 7) and N IR  (TM band 4) respectively were assumed to be zero. 
From this the atmospheric path term (DN or radiance) in those wavelengths is 
equal to  the at-sensor radiance or DN. This is based on the principle o f  the 
darkest pixel method. Despite the fact that same principle was used also in the DP 
method to extract the atmospheric path radiance, the darkest pixel method was 
found to be suitable (in TM  bands 1, 2 and 3) and the CMM was not. This was 
due to the following reasons:
♦ the atmospheric path radiance, i.e. the darkest pixel value is extracted for every 
band separately, in the DP method.
♦ the CMM used an average at-satellite radiance value from the AOI w ithout 
taking into account any spatial variability within the AOI.
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♦ In the CMM, by assuming the correction value for one band a unique 
correction value was set for all the other bands.
Figure 10-7 shows that although the CMM improved the correspondence between 
corrected at-satellite and estimated ground reflectance, the results w ere scattered 
and variable across the time series o f  images. Many estimates o f  ground 
reflectance for an AOI in the Queen Mary reservoir fell outside o f the range o f 
reflectances measured on the tw o groups o f reservoirs. This suggests that the 
CMM is not correctly accounting for atmospheric addition and attenuation.
10.6.3 The Regression Method (RM)
In Section 6.3 it was stated that by using the TM band 4 (in DN's) as an 
independent parameter, the regression method was applied ; to masked image o f 
every reservoir in the Lower Thames Valley reservoir system. By using the 
reservoir as a very dark object in which in the N IR  band, both the recorded at- 
satellite signal and atmospheric effects are assumed to be low, then the correction 
value for other band was found to be the shift needed to  project the regression line 
through the origin. As noted in Section 6.3, the poor correlation makes the 
method difficult to  adopt. Figure 10-8 shows that the corrected reflectance values 
were underestimated in TM bands 1 and 2. In TM  band 3, corrected reflectances 
w ere both underestimated and overestimated. This suggests that the regression 
method is not correctly accounting for the removal o f  atmospheric effects over the 
reservoirs. One possible reason may be based at the assumption that was used for 
the extraction o f  the atmospheric path radiance. Crippen (1987) has reported that 
the assumed value for the atmospheric additive effect is critical and the regression 
method works well if  the atmospheric path radiance can be found by an 
independent method.
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B oth RM  and CMM techniques are based on the assumption that within a 
specified image region, the reflectivity in the scene is uniform and the dark area 
yields an indication o f the atmospheric scattering. Campbell (1996) reports that 
RM  and CMM offer a first order approximation o f  the atmospheric path radiance, 
since not all DN's are affected equally by the atmosphere (Campbell, 1996).
10.6.4 The Regression Intersection Method (RIM)
Regression intersection method (RIM) is based on the relationship between two 
spectral bands using a number o f different surfaces from the image. The point in 
which the regression lines o f  different surfaces intersect represent the atmospheric 
path radiance in those bands. In Section 6.4, it was found that for all the surfaces 
that w ere tested, there was a very low correlation, except for the concrete aprons 
o f Heathrow Airport. Only in the image acquired on 5/3/85, a pair o f  band 
combinations using concrete and soil surfaces produce high correlations. 
However, the sampled results found in Section 6.4 produced high estimates o f the 
atmospheric path radiance. This suggests a limited applicability o f the regression 
intersection method on a large scale, and a poor performance in removing 
atmospheric effects.
10.6.5 Multi-temporal normalisation (MTN) method using pseudo-invariant targets
By applying the multi-temporal normalisation (MTN) method using reflectance 
and using the 2/6/85 image as a reference (independent factor), the correction for 
atmospheric effects was not effective since only a small amount o f  the added 
atmospheric brightness was removed in the first three TM  bands 1, 2 and 3. This 
can easily be seen by some sample results for the image acquired on 12/4/84, 
presented in Appendix 11. It is apparent also that the correction values for TM  
band 4 are unrealistic since negative values are found. For the images acquired on
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8/10/85 and 13/2/86 the correlation coefficients w ere extremely low and M TN 
method could not be applied to  those images. Figure 10-9 shows the low 
potential o f  this technique when the corrected values for TM  band 1 are compared 
with the ground measurements for the Queen Mary reservoir. It is apparent that 
for the image o f  12/4/84 the amount that the multi-temporal normalisation method 
corrects the at-satellite reflectances is minor.
By applying the M TN method for reflectance and using the 5/3/85 image as the 
reference scene, the results obtained for the image acquired on 12/4/84 (see Figure 
10-10) are clearly incorrect since they do not fall within the ground measurements. 
The multi-temporal normalisation method was found to add atmospheric 
reflectance for the 12/4/84 image. The same appeared to occur when the M TN 
was used w ith DN's (Appendix 11).
The M TN was found to be an unsuitable technique for removing the atmospheric 
effects fi*om reservoirs. This is probably due to the fact that the selection o f  any 
reference image as a "clear image", free o f atmospheric effects, cannot be done 
with much confidence. M oreover the uncertainty o f  how clear is the reference 
image makes the method unsuitable. For example, using the image acquired on 
2/6/85 as the reference image did not work. The reason was that the reference 
image (2/6/85) had added brightness from the atmosphere and could not be 
considered as "clear image". This was observed also by investigating the 
histogram minimum o f that image in which the additive atmospheric effects in 
DN's w ere 56, 16, 8, 1 for TM bands 1, 2, 3 and 4, respectively.
10-23
10.6.6 Atmospheric correction using Turner and Spencer's (1972) model and
meteorological parameters
In Section 7.1 a detailed investigation o f all the available references that were 
found in the literature regarding the use o f the several formulae to  determine the 
atmospheric parameters that are used in the Turner and Spencer (1972) model 
was carried out. From the application o f the procedure suggested by Forster 
(1984) to determine the optical properties o f the atmosphere in conjunction with 
the use o f  the Turner and Spencer (1972) model, the following conclusions can be 
drawn:-
♦ Rayleigh optical thickness and Rayleigh scattering phase function are found to 
be well established and defined in the literature.
♦ Pressure correction in the Rayleigh optical thickness has a negligible effect in 
the determination o f  the atmospheric path radiance.
♦ W ater vapour optical thickness was found to have a significant effect for long 
wavelengths (e.g. M IR and NIR). This agrees with the findings presented in 
the literature (e.g. Kaufinan, 1989; Campbell, 1996). The highest w ater 
vapour optical thickness fi*om all the images were found to  be on the images 
acquired on 9/11/85, 28/6/86 and 4/7/85.
♦ The m ost critical parameter that affects significantly the final corrected result 
is the aerosol optical thickness.
♦ The extraction o f  aerosol optical thickness using different graphical methods 
presented in the literature introduced many uncertainties. This was due to  the 
fact that it is extremely difficult to extract the required aerosol optical 
thickness w ith graphical presentations found in the literature (for example, 
fi’om Figures 7-3 and 7-7).
♦ The visibility concept does not a provide a reliable technique for the extraction 
o f the aerosol optical thickness in very hazy atmospheric conditions for 
regions away firom the meteorological station or Airport. This can be 
confirmed from the results shown in Figure 10-11. The only reliable corrected
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reflectance values which were consistent in all bands were found for the image 
acquired on 2/6/85 which is characterised by the highest visibility (25-28 km) 
at the period o f  satellite overpass (the image acquired on 8/10/85 with 40 km 
was excluded since cloud cover was found above the reservoir system). The 
2/6/85 image was characterised as the least atmospheric-affected image in the 
time-series. The low atmospheric path radiance found from the application o f 
the darkest pixel method, in Chapter 6, suggests the superior clarity o f  this 
image. Therefore, it is apparent that Forster's method w orks well in 
atmospheric conditions with insignificant haze conditions, and visibility up to 
28 km. The visibility concept is an approximate indicator o f  aerosol optical 
thickness (Teillet and Fedosejevs, 1995).
♦ By using the visibility values obtained from the Heathrow Airport, w ithout 
multiplying by the empirical factor o f  1.6 (see equation 7-32) reported in the 
literature, it was found that the corrected reflectance values for the reservoir 
system were negative. However, after multiplying by 1.6, the results were 
improved, and underestimation was eliminated. This suggests means that the 
visibihty value obtained from the Heathrow Airport was not representative for 
a site 2 km away from the Airport.
♦ The formula suggested by De Haan et al. (1991) (equation 7-17) which 
linearly combines the Rayleigh and aerosol phase function appears to  w ork 
better than Forster's formula (equation 7-16)
♦ Different methods o f  obtaining the aerosol phase function, which is one o f  the 
critical parameters used to describe the aerosol characteristics produced 
different estimates o f the aerosol phase functions. For example by using the 
TTHG formula (see equation 7-14) and the graphical method proposed by 
Turner et al. (1972) (see Figure 7-1) the computed aerosol phase functions 
were markedly different. Consequently, all the attempts to  describe the 
aerosol phase functions were approximations and may not suitable for all types 
o f  aerosols. Aranuvachapun (1986) commented that the TTHG is more 
accurate for a small amount o f  large aerosols. However, as the large aerosol
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particles increase, the phase function becomes more variable and the use o f 
TTHG  was found to  be less accurate.
Comparing the estimates o f atmospheric path radiance w ith and without taking 
into account the background reflectance, (Table 7-30 and 7-31), a difference 
up 25 % betv/een the two was found for TM bands 1, 2 and 3. For TM  band 
4 the difference was up to 50 %. This means that background reflectance has 
a significant effect in TM  band 4, as shown by several studies in the literature 
(Tanre e /a /.,  1981).
Based on the fact that aerosol distribution changes from place to  place very 
rapidly (Fraser, 1974; Kaufinan, 1985; 1989), it was shown that the visibility 
values obtained fi*om the Heathrow Airport, were not sufficient to  provide an 
estimate o f  the aerosol optical thickness over the whole reservoir system. This 
is due to the fact that the reservoirs are situated at a distance greater than 1.5 
km fi*om Heathrow Airport, and a large change in atmospheric conditions was 
possible. Moreover, for the image o f  Cyprus (3/6/85), despite the fact that the 
visibility was constant for a long period o f  time during the day (Table 7-12), 
the corrected values for the Asprokremmos dam w ere not effective. 
Asprokremmos dam is situated a distance o f 4 km from Paphos Airport (at 
which visibility data w ere measured).
It can be easily seen firom the visibility data in Table 7-7 (Chapter 7) how the 
visibility data changes between 10:00 and 11:00 GMT in some o f  the images. 
For example, for the image acquired at 10:00 the visibility is 5 km  and at 11:00 
is 12 km. Trying to interpolate between these two values to  find the visibility 
value at exactly the time o f satellite overpass makes the extraction o f aerosol 
optical thickness more uncertain and confirms the variability o f atmospheric 
conditions in a short time intervals.
Forster (1984) reported that uncertainty over the optical thickness and 
distribution o f ozone and aerosols could be sources o f error. He also reported 
that it is difficult to  determine the accuracy o f his method w ithout other 
auxiliary data for use as input in an atmospheric modelling program. By
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comparing the corrected data w ith the ground measurements, it was found that 
the method does not w ork in cloudy conditions (e.g. cloudy images such as 
4/7/85, 24/10/85, 8/10/85). This confirms once again one o f the limitations 
stated by Turner and Spencer (1972). It was found that for visibihty less than 
28 km, Forster's method does not provide sufficient correction. Figure 10-11 
shows that although the Forster's method improved the correspondence 
between corrected at-satellite and estimated ground reflectance, the results 
w ere scattered and variable across the time series o f images, especially in TM 
bands 1, 3 and 4. In TM  band 2, except on the cloudy images (4/7/85, 
8/10/85, 24/10/84), the corrected values fell within the range o f  ground 
measurements.
♦ Visibility was found to not define the amount o f particulate (aerosols) well. 
One possible factor is that the relative humidity may affect the visibility and a 
combination o f w ater vapour absorption and aerosol scattering cannot be 
easily identified. The Department o f the Environment (1996) reported that the 
aerosols particles may affected by changes in relative humidity and as the 
relative humidity increases, haze is formed and therefore visibility is decreased.
10.6.7 Atmospheric correction using ATCOR-2
From Section 7.2.7, it was found that the option provided by ATCOR-2 to 
retrieve the appropriate model o f  the atmosphere, by identifying reference targets, 
does not work. W hen the program automatically searched for that targets, for 
example w ater targets with 1.5 % reflectance in the NIR, despite o f  the presence 
o f numerous w ater bodies in the available images, it did not find such values o f 
reflectance. Therefore, it was decided to  use the alternative method in which 
visibility data and the type o f the atmosphere were used as input parameters. Two 
cases were investigated firstly adjacency effects were not taken into account; and 
secondly adjacency effects were accounted for using the average-filtering 
procedure recommended by Richter (1996, 1997b). Results from both
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applications are shown in Figure 10-12. It is apparent that in the case in which 
adjacency effects were accounted for, the correction was improved especially in 
the TM  band 4. By comparing the corrected results obtained between the two 
cases, it was found that at-satellite reflectances were differed between each case 
by up to 38 %, 56 %, 77 % and 100 % in the four TM  bands. This suggests 
means that the adjacency correction must be taken into account in atmospheric 
modelling. From Figure 10-12, it is apparent that in TM bands 1 and 2, the 
corrected data (with adjacent correction) did not fall within the range o f  ground 
measurements. This confirms the conclusion drawn from Richter (1991) in his 
sensitivity analysis, where he found that for low reflectance targets, such as water, 
large errors w ere introduced especially in TM  band 1. Richter found that the 
overall accuracy o f ATCOR-2 for 5 %, 10 % and 20-50 % ground reflectance 
targets is 40 %, 20 and 10 %, respectively. In TM  band 3 and TM  band 4 for the 
non-clouded images the correction was sufficient (see Figure 10-12). In TM  band 
4, in particular, in which absorption and adjacent land effects are very important, 
ATCOR-2 works well (see Figure 10-12).
10.6,8 Atmospheric correction using the 6S code.
From  the results presented in Table 7-1 and Figure 10-13, it is obvious that the 6S 
code does not provide a sufficient correction since the corrected data do not fall 
within the ground measurements. The mathematical equations used by the 6S 
code were found to  be widely used by researchers in the past with successful 
results after accurate definition o f  input parameters (e.g. aerosol optical 
thickness). The aerosol optical thickness (or visibility values) which w ere used as 
an input parameters in the 6S code and the appropriate model o f  the atmosphere 
was defined by the visibility and RH data measured at Heathrow Airport. These 
data were shown by the application o f  Forster's method not to provide a sufficient 
estimate o f the optical properties o f the atmosphere (see Section 10.6.6).
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10.6.9 C hrom aticity  analysis
The Chromaticity technique is the only method listed in Chapter 2 that was not 
applied on the available images since a special processing sy s te m /i^ o  display all 
DNs in the form o f a chromaticity chart is required. Chromaticity analysis was 
first developed to  describe precisely and to specify colour. This was done by 
defining a standard three-dimensional space using standard transformation 
formulae (Slater, 1980; Campbell, 1996 pp.533-540). Afoldi and Munday (1978) 
first applied the chromaticity concept to  the w ater quality analysis o f  Landsat 
MSS data, by defining a colour space using MSS bands 1, 2 and 3.
Afoldi and Munday (1978) compared multi-date images o f several inland w ater 
bodies and using some in-situ measurements o f suspended solids. An atmospheric 
adjustment in chromaticity space was developed. This atmospheric correction 
was carried out on the Landsat chromaticity diagram by graphically shifting the set 
o f data points towards a standard curve for apparently clear atmospheric 
conditions. The use o f the chromaticity technique as an ACA was extended by 
Munday (1983) and Lindell eta l. (1986).
The principal difficulty o f the method is to find a good approximation o f  the 
standard curve (Lindell et al., 1986) so that curves fi’om a number o f  images will 
lie on this curve. The required adjustment o f  all DNs in the w ater bodies gives a 
representation o f the magnitude o f the atmospheric effect. The requirement that 
fi-om a time-series o f images, one image must be selected as the one w ith less 
atmospheric effects makes the technique ineffective. It is the same problem that 
was faced when multi-temporal normalisation method was used (see Section 
10.6.5). This method has the uncertainty o f how "clear" and free from 
atmospheric effects is the reference image so as the others to be adjusted on that 
image. Therefore, chromaticity analysis as an atmospheric correction technique 
can be judged to  be an unsuitable method.
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10.6.10 G eneral com m en ts
It is important to mention that a possible source o f  error might be introduced in 
the conversion o f  DN to radiance and then to reflectance by using the updated 
calibration values published in the literature. It is well known that the sensitivity 
o f  the satellite sensors changes with time and other values from in-flight 
calibration may be more accurate (Hill, 1993; Richter, 1997b).
From the results found using atmospheric modelling methods, it can be concluded 
that the most crucial point is to insert the correct values o f  the optical state o f  the 
atmosphere, especially the aerosol optical thickness. Different sources o f 
obtaining the aerosol optical characteristics (for example, empirical plots o f 
aerosol optical thickness against visibility values given by Turner and Spencer, 
1972) give different results. The atmospheric conditions are changed significantly 
both spatially and temporally. So the assumptions that the atmospheric conditions 
are constant for the whole image may be very doubtful and further research should 
be done to treat every region (preferably pixel by pixel) in the scene separately.
The use o f  visibility as æ mean) to determine the aerosol optical thickness cannot
provide a sufficient estimate to determine the aerosol optical thickness in areas 
which are not located near the meteorological station. The possible influence o f 
the visibility on relative humidity (RH) should be further investigated. Retalis 
(1998) and Retalis et al. (1999) have reported that a small change in humidity may 
affect the optical thickness because o f  swelling o f  aerosols. Sifakis et al. (1998) 
have reported that the threshold o f the effect o f  w ater vapour on the visibility 
reduction, excluding the possibility o f  mist, is RH<60 %.
It was found that the visibility value taken from the Heathrow Airport was not 
suitable to  define the aerosol optical thickness in the reservoir system area for the 
following possible reasons:-
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♦ the visibility may not be a representative value for all the sub-regions in the 
image due to  the high spatial variability o f  aerosols, and may have only been 
valid for the area where it was obtained.
♦ due to  the distance from the Airport.
♦ it is uncertain whether previous empirical relations between aerosol optical 
thickness and visibility (see Figures 7-7 and 7-3) are generally applicable for all 
geographical occasions.
♦ due to  the presence near the reservoirs one o f the b u s ie s i^ ^ ^ n  UK, the M25, 
a possible reduction o f  visibility from diesel emissions may have occurred. The 
Department o f the Environment (1993) reported that "...diesel emissions, 
being the most important UK source o f urban black smoke and carbon 
particles, are a major contributor to  urban visibility reduction. It has been 
estimated that particulate elemental carbon is responsible for 24-25 % o f the 
visibility reduction...." (p.41).
The variability o f  aerosols is an important factor in the temporal and spatial 
variability o f  atmospheric conditions and its magnitude should be defined with 
great accuracy. The Department o f the Environment (1996) provides some 
examples about the lifetime and travel o f  aerosols. The report has indicated that 
smallest aerosol particles (1 nm diameter) last only for some 10 minutes in th e  
. atmosphere but their loss is due to accumulating with other particles rather than a 
loss o f  material from the atmosphere. In this small size, aerosol particles are likely 
to be removed from the lower atmosphere by rain in approximately 10 days. 
Large particles o f approximately 10 p,m diameter are likely to  be airborne for 10 
to  20 hours. The Department o f  the Environment reported that in the lower 
troposphere at an average wind speed 7m/s, the large particles travel distances o f 
20 or 30 km and the smaller (0.1 to 1) may travel several thousand kilometres.
The most accurate atmospheric correction method is the one using ground-based 
measurements o f  target reflectances and atmospheric conditions during the
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satellite overpass as shown by Slater et al. (1987). This method requires 
extensive field w ork and it evident that such method can not be considered for use 
in a long term  basis. Therefore the basic requirement for operational solutions is 
to apply an atmospheric correction based only on the image itself.
Van Stokkom et al. (1993) considered the problem o f atmospheric effects for 
passive optical remote sensing over coastal and inland waters, and recommended 
the appropriate time to collect any additional information required for any method 
is only the satellite overpass. This is due to the strong temporal variations which 
occur, not only in the atmosphere but in the w ater body. Such an approach 
involves the use o f a ground based spectro-radiometer to  enable the total 
irradiance in specific wavelengths to be determined followed by use o f  radiative 
transfer calculations from which the atmospheric correction parameters can be 
calculated.
The standard models o f the atmospheres included in different atmospheric models 
such as ATCOR-2 and 6S-code are generic and are not necessarily appropriate to 
specific geographical areas. The development o f specific models o f  the 
atmosphere for^certain geographical area to support atmospheric correction is 
essential since the parameters in the model atmospheres reflect zonally averaged 
values which may not be representative. The development and revised o f  the 
standard models for the area o f  Southern Greece (Cartalis and Retalis, 1996) is 
one example o f  this case.
The most sophisticated methods, such as the Turner and Spencer (1972) model, 
the 6S code and ATCOR-2, make use o f radiative transfer calculations and 
atmospheric modelling. Such methods require auxiliary information about the 
state o f the atmosphere which are obtained either fi*om standard databases or from 
simultaneous in-situ field measurements, or by iterative techniques (Turner and 
Spencer, 1972; Kneizys e ta l., 1983; Richter, 1996; Vermote et al., 1997b and c).
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It has show n that by using the visibility and relative humidity to  define the aerosol 
and w ater vapour optical thickness, these m ethods w ere no t sufficient. H ow ever, 
it w as found tha t the  simplest darkest pixel correction m ethod provided a 
sufficient correction in TM  bands 1, 2, and 3 fo r cloud-ffee areas. F rom  an 
operational point o f  view, the darkest pixel atm ospheric correction, w hich derives 
its input param eters from  the image itself, is to  be preferred.
10.7 M agnitude o f atmospheric effects
Using the reservoir ground m easurem ents w hich w ere acquired fi*om the 
G ER1500 field spectro-radiom eter, a com parison betw een the at-satellite 
reflectance values and the associated ground values w as perform ed. F rom  the 
tim e-series images, the minimum, maximum  and average values o f  the at-satellite 
reflectances (% ) w ere calculated for every reservoir, as show n in Table 10-5. 
Large differences in at-satellite reflectance values (e.g. for the D atchet reservoir in 
the TM  band 4, the  reflectance ranged fi*om 2.8-12 % ) suggest tha t atm osphere 
had a significant effect.
B y com paring the average at-satellite reflectance for every reservoir in the  11- 
image tim e series w ith  the ground m easurem ents, an approxim ate estim ate o f  the  
m agnitude o f  atm ospheric effects w as found and is presented in Table 10-5. F rom  
the w hole reservoir system, atm ospheric effects w ere found to  account fo r the 
following %  o f  the  received at-satellite reflectance:
♦ 85-96 %  in TM  band 1,
♦ 63-93 %  in TM  band 2,
♦ 7 2 -9 5 %  in TM  band 3,
♦ 97-100 %  in TM  band 4
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Reservoir Param eter T M l T M 2 T M 3 T M 4
Datchet At-satellite pts % min 9.7 6.0 3.8 2.8
At-satellite pu % max 15.7 11.3 9.4 12.0
At-satellite pts % average 72 d 8.5 6.2 5.0
Ground pts % 0.6 0.9 0.4 0.0
Percentage Difference 95 90 94 99
Wraysbury At-satellite pts % min 9.6 5.9 3.9 2.7
At-satellite % max 15.9 12.0 9.7 11.6
At-satellite pts % average 12.6 6.5 4.8
Ground pt^ % 0.5 0.8 0.5 0.0
Percentage Difference 96 91 95 100
King George VI At-satellite pts % min 9.6 5.8 3.9 2.8
At-satellite % max 15.9 12.0 9.9 12.5
At-satellite pts % average 729 8.8 6.6 5.5
Ground pt^ % 0.5 0.8 0.4 0.01
Percentage Difference 96 91 95 99
Queen Mary At-satellite pu % min 9.8 6.4 4.2 2.6
At-satellite Pts % max 16.3 11.5 9.0 10.3
At-satellite pts % average 12.9 9.2 6.7 4.9
Ground ptg % 1.9 3.4 1.9 0.1
Percentage Difference 85 63 72 97
Queen Elizabeth H At-satellite % min 9.6 0.2 4.0 2.8
At-satellite pts % max 16.2 13.5 12.0 14.7
At-satellite pts % average 12.5 7.7 6.3 4.9
Ground pt^ % 1.6 2.7 1.6 0.2
Percentage Difference 88 65 75 97
Island Barn At-satellite pts % min 9.7 6.4 4.3 3.0
At-satellite Pt, % max 15.9 12.9 11.6 15.2
At-satellite pu % average 12.2 8.^ 6.^ / 5.3
Ground pt^ % 0.9 7.7 0.4 0.0
Percentage Difference 93 86 94 100
Knight At-satellite pts % min 9.8 6.2 4.4 3.0
At-satellite Pts % max 16.5 11.9 10.6 13.1
At-satellite Pts % average 727 8.7 6.8 5.1
Ground pt  ^% 0.6 0.8 0.5 0.0
Percentage Difference 95 91 93 99
Bessborough At-satellite % min 9.6 5.9 4.1 2.8
At-satellite pts % max 16.1 12.9 11.5 14.4
At-satellite pts % average 725 8.5 6.4 4.9
Ground pt  ^% 0.5 0.6 0.3 0.1
Percentage Difference 96 93 95 99
T ab le  10-5. C o m p ariso n  betw een  th e  a t-sa te llite  reflec tance  values (pt* % ) 
a n d  G E R  g ro u n d  reflec tance  values con v erted  to  eq u iv a len t in- 
b a n d  L an d sa t-5  T M  reflectances.
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Table 10-5 shows also the minimum and maximum  values for every im age in the 
11-im age tim e series (excluding 24/10/85 image). These values indicates the 
significant tem poral variability o f  the at-satellite reflectance values in  w hich the 
m ajority is due to  atm ospheric effects.
A s can been fi*om the data in Table 10-5, the D atchet, K ing G eorge V I and 
W raysbury reservoirs are affected m ore by atm ospheric effects, especially in the 
short w avelengths (TM  bands 1 and 2), than the Q ueen M ary and Q ueen Elizabeth 
II reservoirs. K ing G eorge V I and W raysbury reservoirs are located very  close to  
H eathrow  A irport and it m ight be expected that the atm osphere at these locations 
w ould have a greater content o f  aerosol particles.
10.8 Development of empirical equations to relate water quality to measured 
reflectance taking into account atmospheric effects.
The im portance o f  rem oving atm ospheric effects from  satellite im ages w hen 
equations are used to  relate w ater quality to  at-satellite reflectance values is 
emphasised in this section. Empirical equations for relating chlorophyll-a (chl-a) 
and particulate organic carbon (PO C) are developed and presented. In  the 
following sub-headings, the steps used to  develop those equations are presented 
and discussed.
10,8.1 Positioning possible wavelengths in which water quality parameters can he 
identified
In  order to  identify possible regions o f  the  spectrum  in w hich the w ater quality 
param eters could be identified, the first step is investigate how  the w a te r quality 
param eters are related to  each other. A  correlation analysis w as perform ed to  find 
out how  the w ater quality variables are related to  each other. F rom  the w ater
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quality data show n in Table 5-21 (C hapter 5), tw o pairs o f  param eters fall into 
associated groups since both  deal w ith  algal biom ass and suspended sediments. 
The first pair is chlorophyll-a and particulate organic carbon and the  second is 
turbidity and suspended solids. The categorisation o f  the variables into groups is 
therefore the following:
1) algal biom ass (chlorophyll-a and PO C),
2) concentration o f  suspended m atter (SS, turbidity)
3) organic m atter (BOD )
4) D issolved oxygen
A  strong correlation w ithin the group w as found betw een chlofophyll-a and POC. 
F or example, for the  W raysbury reservoir the  correlation coefficient (r^) w as 
found to  be 0.985 w ith  a significance level <0.05. H ow ever, very p oo r correlation 
w as found by relating param eters outside the groups and w hen relating suspended 
solids against turbidity. The higher the correlation betw een chlorophyll-a and 
PO C, the m ore difficult it is to  distinguish the effect on  reflectance spectrum  by 
either variable (Arenz, 1994). In  other studies in w hich laboratory testing o f  
w ater samples w ith  m easurem ents o f  the  absorption and scattering coefficients o f  
every single w ater quality param eter (for example, A renz 1994), the  separation o f  
reflectance signatures o f  chlorophyll-a w ith  o ther param eters can be achieved w ith  
m ore accuracy.
As a starting point, in order to  find out the possible predictors fo r bo th  
chlorophyll-a and PO C  the m ethod used by D ekker (1993), G itelson et a l  (1993), 
Arenz (1994) w as applied. This m ethod involved applying linear regression 
analysis betw een the m ean reflectance values across the spectrum  and the 
concentrations o f  chlorophyll-a (pg/7) and PO C  (|ig //). The G ER1500 reflectance 
values and the chlorophyll-a and PO C  concentrations m easured on the  sam e day 
(23/9/98) and tim e and at a depth o f  1 m  in W raysbury, D atchet and Q ueen M ary 
reservoirs w ere used. Each regression m odel (512 in to tal) regression m odels 
corresponded to  a  m easured w avelength o f  the  G ER1500. The highest r^ values
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for chlorophyll-a and PO C corresponded to  the w avelengths show n in Table 10-6. 
The w avelengths shown in Table 10-6 indicate possible spectral regions o f  relating 
w ater quality data and m easured reflectance values.
The achieved correlations presented as r^ against wavelength, indicate the regions 
w ith high correlation values for bo th  w ater quality variables (see Figures 10-14 
and 10-15). Correlations ranged from  0.60 to  0.80 w ere found to  the following 
spectral regions as shown in Figures 10-14 and 10-15:
♦ for chlorophyll-a, 400-450 nm (with r^ 0.80-0.60)and 730-735 (w ith r^= 0.60)
♦ for PO C, 400-530 nm  (w ith r^ 0.80-0.60) and 728-735 ((w ith r^ = 0.60)
From  these findings, it can be concluded that possible Landsat TM  spectral 
regions for chlorophyll-a is TM  band 1 and for PO C are TM  bands 1 and 2.
chloroph^ POC
W avelength (nm) r' Wavelength (nm) /
370.4 0.86 370.4 0.93
375.07 0.79 375.07 0.88
381.34 0.79 381.34 0.88
382.92 0.79 382.92 0.88
386.09 0.79 386.09 0.99
387.68 0.86 387.68 0.93
397.27 0.86 397.27 0.93
402.11 0.79 402.11 0.93
416.75 0.83
Table 10-6. Highest correlations (expressed as r )^ achieved when applying 
regressions to chlorophyll-a and POC against to the GER1500 
reflectance values.
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10.8.2 Correlation o f available water quality data with satellite imagery before and 
after atmospheric correction
In this section an attem pt is m ade to  produce statistical predictive equations for 
the chlorophyll-a and particulate organic carbon content in the Low er Tham es 
Valley reservoirs. The available w ater quality data m atch w ith satellite image 
dates, the possible sources o f  error in the proposed correlations and the m ethod 
for judging the regression results are presented. Finally, tw o correlation cases are 
investigated: firstly correlating at-satellite reflectance w ith chlorophyll-a and PO C 
w ithout atm ospheric correction i.e. before atmospheric correction', and secondly 
correlating atm ospheric corrected reflectance w ith chlorophyll-a and PO C  i.e. 
after atmospheric correction
Water quality data match with the satellite image dates
A search through all the w ater quality records provided by Tham es W ater for the 
1984-86 period in which the satellite images w ere acquired showed that there 
w ere many m easurem ents very close to  the  satellite image dates, but only those 
data show n in Table 10-7 actually m atched w ith the satellite dates.
Date Reservoir chlorophyll-a
(pg/l)
POC
(P£/l>
05/03/85 Datchet 4.4 464
05/03/85 Wraysbury 0.9 440
05/03/85 Queen Mary 6.8 836
04/07/85 Datchet 5.2 2146
04/07/85 King George VI 1.6 565
08/10/85 Datchet 5.0 898
08/10/85 Wraysbury 2.7 405
08/10/85 Queen Mary 13.0 1221
13/02/86 Datchet 3.1 367
13/02/86 King George VI 1.3 601
Table 10-7. Chlorophyll-a and POC concentration data on dates of satellite 
images
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There w ere  chlorophyll-a and PO C  readings for the satellite overpass on 
24/10/85, bu t this image w as fully clouded and could n o t be used. D ata  for the  
Island B arn  reservoir w ere found on the 4/7/85, bu t could n o t be used  for the  
same reason.
Selection o f an area o f interest in the reservoir
Using the sketches provided by Bridgm an (pers. comm., 1999) in w hich the 
sample locations are described for every reservoir, an area o f  interest for every 
reservoir w as selected to  m atch those locations (see A ppendix 9). A n attem pt 
w as m ade to  m ask these areas in order to  exclude any mixed (bright and dark) 
pixels that m ight correspond to  limnological tow ers. The m ean o f  the at-satellite 
reflectance o f  the  pixels in the area o f  interest w as calculated for each reservoir 
and this value w as used  in the  statistical analysis.
Possible source o f errors in the correlation
B ased on the fact that a ^ u g n  location o f  the  sampling points w ere know n, the  
correlation o f  chlorophyll-a and PO C  w as done by correlating w ith  the  average 
value o f  the at satellite reflectance over an area o f  the reservoir near the sampling 
point. Possible errors due to  uncertainty in locating sample sites in the  image 
m ust be considered.
A nother possible source o f  error w ith  this m ethod o f  correlating the data, w as that 
chlorophyll-a and PO C  in the area o f  the reservoirs could vary by a considerable 
amount. A lthough an average value o f  at satellite reflectance w as used the  actual 
value corresponding to  the point w here the sample w as taken  could vary  quite 
considerably from  the average value, m aking it difficult to  find a correlation 
betw een the  tw o  sets o f  data.
Finally, as the radiom etric sensitivity o f  the  satellite sensor changes th rough  the 
time, for very dark targets like the L ow er Tham es Valley reservoirs the am ount o f
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the  electrom agnetic radiation reflected back to  the sensor from  the  w ater is very 
small, therefore the precision o f  the sensor in the range o f  interest may no t be 
high.
Application o f Regression analysis
Previous researchers have used several types o f  statistical techniques w hen 
correlating w ater quality param eters w ith  reflectance (o r radiance o r D N 's) as 
show n in C hapter 3. In  this thesis, the following statistical techniques w ere 
im plem ented using M icrosoft Excel and SPSS-8 to  correlate chlorophyll-a (in 
pg/7) and PO C  concentrations (in p,g//) w ith  the m easured reflectance:
♦ linear regression,
♦ log-transform ed linear regression,
♦ m ultiple linear regression,
♦ polynomial regression and
♦ linear regression using ratios o f  a num ber o f  combinations o f  spectral bands.
D espite the  fact that polynomial regression gave a relatively good correlation, the  
m ethod w as discounted since the data w ere insufficient to  provide a reliable 
correlation.. M oreover, ratios o f  different combinations o f  bands w ere used  (e.g. 
TM band 3 /  TM band 2, TM band 2 /  TM band T) to  correlate chlorophyll-a and 
PO C  w ith  bo th  uncorrected  and atm ospheric corrected data. It w as found that 
ratios o f  bands, correlated against chlorophyll-a and PO C, produced m uch higher 
correlation coefficients. The highest correlation coefficient (r^=0.81) w as found 
w hen chlorophyll-a w as correlated against TM band 3 /  TM band 1 w ith  data 
before atm ospheric correction. This is no t surprising since by ratioing, differences 
in brightness due to  different illumination conditions o r atm ospheric effects can be 
com pensated for (Lillesand and Kiefer, 1994). B y using the log-transform ed 
regression m ethod it w as found that the correlations w ere very low  either w hen 
using atm ospheric corrected o r no t atm ospheric corrected  reflectances.
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The tw o  techniques that w ere found to  give good correlations w ith  the data w ere 
linear regression and multiple linear regression. As show n in Chapter 3, both  
techniques w ere found to  be the m ost widely used for the  developm ent o f  
empirical equations to  relate w ater quality data w ith  satellite data, either 
atm ospheric corrected o r not. The following tw o diagnostic tests w ere used to  
judge w hether the  linear and multiple linear regression equations w ere  adequately 
correct:
♦ to  test the null hypothesis that there is no linear relationship in  the  population 
betw een the dependent variable and the independent variables. This is called 
the analysis-of-variances (ANOVA) test (Norusis, 1997). I t  is simply used to  
check w hether a high correlation occurred by chance o r not. In  the  SPSS-8, if  
the  observed significance level fo r the A N O V A  F-test is less than  0.05 (95 % 
confidence interval), the null hypothesis that there is no linear relationship 
betw een the chlorophyll-a or PO C  against the  reflectance values, can be 
rejected. In  the  M icrosoft Excel this test can be perform ed by com paring the 
F-observed w ith  the F-critical value. I f  the  F-observed is greater than  the  F- 
critical value and the observed significance level is <0.05, then  there  is a  strong 
relationship betw een the variables and the correlation does no t occur by 
chance. The F-critical value can be obtained fi*om a table o f  F-critical values in 
many statistics textbooks
♦ to  tes t the  null hypothesis that the  population partial regression coefficients for 
a variable is 0 using the /-statistic and its observed significance level. This w as 
perform ed in the multiple linear regression in order to  examine, how  relevant 
the  different independent variable param eters are (Norusis, 1997).
As can be seen fi*om Figure 10-4, the corrected reflectance for the im age acquired 
on 4/7/85 (for the Q ueen M ary reservoir) w as underestim ated using the  darkest 
pixel atm ospheric correction technique due to  its hazy and cloudy conditions. By 
excluding this image w ith  its associated chlorophyll-a and PO C  in the linear and 
m ultiple linear analysis, correlations w ere im proved significantly i f  they w ere
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com pared w ith  non-corrected data. O rtiz and M artinez (1989) used the summer 
period from  4/7/85 to  13/9/85 to  assess the w ater quality in  different reservoirs in 
Spain. O ne o f  their images (4/7/85 path/row :201/32) w as coincided w ith  the 
4/7/85 image o f  L ow er Tham es Valley. They found that w hen 4/7/85 image w as 
included in  their correlation o f  chlorophyll-a w ith  Landsat TM  reflectance values, 
the correlation w as decreased due to  the occurrence o f  some slight cloudiness 
above the reservoirs. In  the  present study, correlations w ere  found to  be 
im proved m ore w hen the 4/7/85 w as no t included in the statistical analysis. 
Therefore, only the remaining three images, 5/3/85, 8/10/85, 13/2/86 w ere used 
(Table 10-8). A  possible source o f  error that m ay rem ain w as partial cloud cover 
in parts near the  outlet o f  the  Q ueen M ary reservoir for the  im age acquired on 
8/10/85.
Before correction (Correlation without considering atmospheric effects)
The at-satellite reflectance values (before atm ospheric correction) and the 
associated w ater quality data are presented in Table 10-8.
Linear regression and multiple linear regression w ere applied relate chlorophyll-a 
and PO C  w ith  at-satellite reflectance values (w ithout correction and by excluding 
4/7/85 image). This w as carried out for Landsat TM  bands 1, 2, 3 and 4. The 
coefficient o f  correlation r^ and the observed significance levels are show n in 
Table 10-9. From  Table 10-9 it is apparent tha t the r^ are very  low  w hen linear 
regression is used for bo th  chlorophyll-a and PO C. D espite the  fact th a t the  r^ 
w as high in  m ost o f  the  cases in which multiple linear regression w as used, in some 
cases the  observed significance levels w ere greater than  0.05 (95 %  confidence 
interval). This m eans that there is no linear relationship betw een chlorophyll-a (o r 
PO C ) and at-satellite reflectance in those bands i.e. the  null hypothesis cannot be 
rejected.
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Image date Reservoirs chl-a
( P #
POC AT-SATELLÏTE REFLECTANCE 
(BEFORE ATMOSPHERÏC CORRECTION)
TMl TM2 TM3 TM4
05/03/85 Datchet 4 4 464 0.112 0.067 0 047 0.032
05/03/85 Wraysbury 0.9 440 0.111 0.066 0.047 0.031
05/03/85 Queen Mary 6.8 836 0.117 0.080 0.055 0.033
04/07/85 Datchet 5.2 2146 0.143 0.113 0.094 0.120
04/07/85 King George VI 1.6 565 0.149 0.118 0.099 0.125
08/10/85 Datchet 5.0 898 0.113 0.075 0.051 0.038
08/10/85 Wraysbury 2.7 405 0.110 0.070 0.049 0.037
08/10/85 Queen Maiy 13.0 1221 0.137 0.104 0.081 0.073
13/02/86 Datchet 3.1 367 0.157 0.098 0.070 0.042
13/02/86 King George VI 1.3 601 0.159 0.103 0.072 0.042
Table 10-8. Landsat TM 1, 2, 3, and 4 at-satellite reflectance values (before 
AC correction) and their associated chlorophyll-a and POC  
concentrations (at 1.0m) (T M l corresponds to the average 
reflectance value within an AOI in every reservoir).
After correction (Correlation by considering atmospheric effects)
From  Section 8.5, it w as found that the darkest pixel atm ospheric correction 
provides an adequate correction for the reservoir areas in which there is no cloud. 
By attem pting to  correlate the reflectance in those reservoirs for w hich 
chlorophyll-a and PO C concentrations (in p.g/7) w ere available on the image dates, 
using CM M , RM , M TN, Turner and Spencer's m ethods, 6S code and A TC O R -2 
atm ospheric corrections, the correlations produced using these m ethods w ere not 
very good and in some cases, such as CM M  and 6S code, produced w orse 
correlations than w hen no atm ospheric correction w as used. H ow ever, w hen 
darkest pixel atm ospheric correction w as used, the correlation w ere increased
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Landsat TM Statistical relation r" observed
band significance
level
chlorophyll-a (chl-a) (in p.g/1)
TM band 1 chl-a = 0.10 TM l + 4.63 0.000 &999
TM band 2 chl-a = 91.18 T M 2 -2.91 0.145 0.351
TM band 3 chl-a = 144.28 T M 3 -3.86 0.244 0.214
TM band 4 chl-a = 225.00 T M 4-4 .58 0.619 0.021
TM bands chl-a = -344.20 TM l + 99.49 TM2 0.874 0.137
1, 2, 3 and 4 + 551.52 TM3 - 78.47TM4 + 10.80 0.850
0.563
0.813
TM bands chl-a = -310.73 TM l + 170.57 TM2 0.871 0.032
1, 2 and 3 + 355.10 TM3 + 9.03 0.648
0.345
TM bands chl-a = -368.84 TM l + 524.15 TM2 + 8.05 0.834 0.06
1 and 2 0.04
TM bands chl-a = -274.54 TM l +511.22 TM3 + 9.35 0.863 0.05
1 and 3 0.02
Particulate organic carbon (POC) (in pg/l)
TM band 1 POC = 205.50 TM l + 627 0 0.97
TM band 2 POC = 7533.69 TM2 +29.65 0.024 0.32
TM band 3 POC =10697.26 TM3 + 22.80 0.022 0.24
TM band 4 POC = 15788.58 TM4 + 6.67 0.502 0.49
TM bands POC = -30937 TM1+ 60625 TM2 0.790 0.83
1, 2, 3 and 4 -22793 TM3-2548.28 TM4+ 799.09 0.17
0.73
0.91
TM bands POC = -32024.5 TM l + 58317 TM2 0.895 0.09
1, 2 and 3 -16415 TM3 + 856.57 0.08
0.53
TM bands POC = 8046 TM l +18551 TM2 + 135 0.835 0.72
1 and 2 0.35
TM bands POC = -19651 TM l +36962 TM3 + 968.93 0.744 0.024
1 and 3 0.012
Table 10-9. Equations resulting from the application of linear and multiple 
linear regression for chlorophyll-a and, separately, POC against 
at-satellite reflectance in Landsat TM bands 1 to 4 (no 
atmospheric correction and excluding 4/7/85)
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As m entioned in Chapters 1 and 3, V erdin (1985) found by rem oving atm ospheric 
effects from  satellite images improved, correlations betw een reflectance and w ater 
quality param eters are improved. Ritchie et al. (1987) obtained improved 
correlation coefficients for the relationship betw een suspended solids and radiance 
values w hen dark pixel corrected M SS data w ere used for M oon  Lake, 
M ississippi. In the tresent study, the reflectance for the four Landsat TM  spectral 
bands used to  produce the correlations using the darkest pixel atm ospheric 
correction are shown in Table 10-10.
Date Reservoir REFLECTANCE AFTER DARKEST PIXEL 
ATMOSPHERIC CORRECTION
TMl TM2 TM3 TM4
05/03/85 Datchet 0.014 0.011 0.009 0.011
05/03/85 Wraysbury 0.013 0.010 0.008 0.010
05/03/85 Queen Mary 0.019 0.024 0.017 0.012
04/07/85 Datchet 0.011 0.010 0.012 0.023
04/07/85 King George 0.017 0.015 0.017 0.028
08/10/85 Datchet 0.015 0.020 0.013 0.013
08/10/85 Wraysbury 0.011 0.015 0.012 0.011
08/10/85 Queen Mary 0.039 0.044 0.044 0.047
13/02/86 Datchet 0.013 0.017 0.013 0.014
13/02/86 King George 0.016 0.022 0.019 0.014
Table 10-10. Landsat TM band 1-4 reflectance data after DP atmospheric 
correction.
The results o f  correlations produced using linear regression and m ultiple linear 
regression are shown in Table 10-11. This has been carried out for Landsat TM  
bands 1-4. The coefficient o f  correlation (r^) , the observed significance levels 
are shown in T able 10-11.
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Landsat TM 
band
Statistical relation 1^ observed
significance
level
chlorophyll-a (chl-a) (in p,g/l)
TM band 1 cbLa« 394.89 T M l-Z 2 6 K835 0.001
TM band 2 chl-a = 316.65 T M 2-1 .80 0.766 0.004
TM band 3 chl-a = 287.79 T M 3-0.21 0.730 0.007
TM band 4 chl-a = 271.34 TM4 + 0.17 0.749 0.006
TM bands 
1, 2, 3 and 4
chl-a = 477.31 TM l + 562.69 TM2
-857.48 TM3 + 261.61 TM4 - 5.01
0.917 0.262
0.226
0.201
0.448
TM bands 
1, 2 and 3
chl-a = 635.70 TM l + 365.85 TM2 
-525.79 TM3 -5.06
0.896 0.090
0.266
0.207
TM bands 
1 and 2
chl-a = 353.55 TM l + 36.61 TM2 - 2.28 0.837 0.202
0.863
TM bands 
1 and 3
chl-a = 615.33 TM l - 177.22 TM3 - 3.128 0.852 0.098
0.487
Particulate organic carbon (POC) (in pg/l
TM band 1 POC = 28998.24 TM l + 146.53 0.743 0.006
TM banda POC -  24924.83 TM2 4146.16 0 ^ 0 1 0.004
TM band 3 POC =10697.26 TM3 + 22.80 0.670 0.130
TM band 4 POC = 18808.91 TM4 + 343.65 0.593 0.250
TM bands 
1, 2, 3 and 4
POC = 40617 TM1+ 58797 TM2
-64373 TM3- 1535 TM4-196.82
0.925 0.209
0.120
0.194
0.949
TM bands 
1, 2 and 3
POC = -41546 TM l + 57642 TM2 
- 62427 TM3 -194.06
0.925 0.092
0.037
0.053
TM bands 
1 and 2
POC =-29338 TM l + 41972 TM2 + 901.48 0.835 0.722
0.347
TM bands 
1 and 3
POC = 38337.67 TM l -7508.56 TM3 +109.79 0.747 0.269
0.768
Table 10-11. Equations resulting from the application of linear and multiple 
linear regression for chlorophyll-a and, separately, POC  
against atmospheric corrected reflectance in Landsat TM  
bands 1 to 4 (after atmospheric correction and excluding 
4/7/85)
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From  Table 10-11, it is apparent tha t despite the high r^ values w hen  multiple 
linear regression w as used, the  observed significance level o f  every coefficient w as 
greater than 0.05 (95 %  confidence interval). This m eans tha t the  there is no 
relationship betw een the variables and the correlation w as occurred by chance.
The highest correlations w ith  the observed significance levels less than  0.05 (and 
the F-observed greater than  the F-critical) w ere show n shaded in Table 10-11 and 
are summ arised below:
F or chlorophyll-a (see Figure 10-16),
chl-a =  394.89 TMl - 2 .26 ^
w here
chl-a chlorophyll-a concentration in pg/1
TMl is the reflectance from  Landsat-5 TM  band 1 (after atm ospheric
correction)
F or PO C  (see Figure 10-17),
P O C  =  24924.83 TM2 +146.16
w here
POC Particulate organic carbon concentration in pg/l
TMl is the  reflectance from  Landsat-5 TM  band 1 (after atm ospheric
correction)
From  Table 10-11, it can be seen that a high correlation (r^=0.743) betw een PO C  
and reflectance also occurred in TM  band 1 w ith  significance level<0.05. 
Therefore there is a strong effect o f  PO C  in TM  band 1. Chlorophyll-a w as also
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found to  be strongly correlated, w ith  TM  band 1 (see equation 10-1). This 
confirms the finding o f  the correlation analysis o f  groups described at the  start o f  
Section 10.7 in which PO C  and chlorophyll-a w ere show n to  be highly correlated 
in the  blue band.
D espite o f  the  fact that chlorophyll-a and PO C  concentration data w ere available 
for the w hole o f  the period from  1984 until 1986 and tw elve satellite im ages w ere 
available over this period, it w as difficult to  find sufficient data to  use in this study 
to  produce correlations betw een the chlorophyll-a and PO C  concentration data 
and the satellite image data. There w ere only ten  out o f  about a thousand 
chlorophyll-a content m easurem ents for w hich the date o f  in-situ w ater sampling 
m atched the date o f  a satellite overpass. It w as found that it w as no t possible to  
interpolate betw een chlorophyll-a and PO C  concentration m easurem ents as the 
errors in the  interpolated values had a significant effect on the accuracy o f  the 
correlations, causing a notable decrease in  the value o f  the  coefficient o f  
determ ination r^. This is due to  the  fact that the  presence o f  algae and suspended 
m aterials changes very rapidly (even from  hour to  hour) (V an S tokkom  et al., 
1993). Therefore it w as necessary to  only use data w hose dates coincided exactly 
w ith  a satellite overpass.
The chlorophyll-a data used for the correlations had a limited range o f  values. 
The range o f  chlorophyll-a concentration data used in the  analysis ranged from  
0.9-13 pg/l. The correlations produced can only be assum ed to  be valid in  the 
range 0.9-13 \xgj\. A ctual variations in chlorophyll-a concentration data  in the 
reservoirs during the period 1984-1986 ranged from  0.2-130 pig/l. A lgal bloom s 
are the cause o f  this high variation, and these occur random ly and very  quickly. 
U nfortunately no m easured values during an algal bloom  coincided w ith  a  satellite 
overpass.
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Equations (10-1) and (10-2) are only m ore suitable for D atchet, W raysbury, King 
G eorge V I and Q ueen M ary reservoirs in which their w ater quality data  w ere 
used  in  the  developm ent o f  the  empirical equations.
10,8.3 Application o f the water quality equations
The developm ent o f  the chlorophyll-a and PO C  predictive equations has 
im portant benefits. The principal benefit is to  enable the  user to  m onitor tem poral 
and spatial changes o f  the  trophic state o f  the  reservoirs. M oreover, the  equations 
perm it an assessm ent o f  reservoir w ater quality from  image data acquired on  dates 
in w hich there are no concurrent w ater quality sampling data.
B y applying equations (10-1) and (10-2) to  the  image acquired on  2/6/85 
(atm ospheric corrected using D P m ethod), for w hich there w ere no available 
sampling data at the tim e o f  the  satellite overpass, an assessm ent o f  the  spatial 
variations o f  chlorophyll-a and PO C  spatial variations in all the reservoirs w as 
achieved. C olour m aps showing the chlorophyll-a and PO C  variations for the  
images acquired on 5/3/85 and 2/6/85 are show n in Figures 10-18 and 10-19. 
From  Figure 10-18, it is apparent that chlorophyll-a concentrations increased from  
5/3/85 to  2/6/85 in all the reservoirs but especially in the Q ueen M ary. D atchet, 
W raysbury, King G eorge V I and Queen Elizabeth reservoirs had clearer w ater 
(see Figure 10-18, blue colour) on the 5/3/85 than  on  the 2/6/85. F rom  Figure 
10-19, it is apparent that the PO C  distribution in the Q ueen M ary reservoir on the 
2/6/85 changes from  place to  place. Figure 10-20 shows a close up  v iew  o f  the 
PO C  spatial variations in  the Q ueen M ary reservoir. PO C  concentrations are 
larger in the  w est part than the east part o f  the  Q ueen M ary reservoir. This is 
explained by presence o f  the inlet on the south-w est side in w here w a te r w ith  
higher nutrients concentrations is directly abstracted from  the river.
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10.9 The Pseudo-Invariant Target (PIT) atmospheric correction method
This w ork  shows a new  m ethod o f  atm ospheric correction, nam ed Pseudo- 
Invariant T arget (PIT) m ethod, based on the use o f  a com bination o f  a very  bright 
and a very  dark  target w hich can serve as suitable pseudo-invariant targets. The 
P IT  m ethod is easy to  implement and is a good alternative to  the  m ore com plex 
and sophisticated m ethods w hen auxiliary input data are no t available. The key 
point in  the  correction is the input reflectance value o f  the  eutrophic reservoir
The Pseudo-Invariant Target (PIT) m ethod o f  rem oving atm ospheric effects fi*om 
satellite im ages show n in Chapter 8 has a num ber o f  advantages. These are
♦ simplicity and ease o f  com putation
♦ the m ethod is image-based, requiring only a minimum am ount o f  ground tru th  
to  be applied. In  cases w here ground data are no t available the u ser can use 
the "standard values" provided in C hapter 8.
♦ the proposed P ITs are generally large in size and distinctive in shape and 
spectral characteristics, and can thus usually be easily identified.
♦ such features are com m on in m any geographical areas
♦ eutrophic reservoirs, characterised by high turbidity and significant populations 
o f  algae, have high extinction coefficients and small Secchi disc depths. 
B o ttom  effects will therefore be eliminated.
The collection o f  ground reflectance data for tw o  suitably large and uniform  
targets enabled the developm ent o f  the  P IT  atm ospheric correction m ethod. Only 
m easurem ents that w ere acquired on the Q ueen M ary reservoir w ere used  in  the 
developm ent o f  the  new  m ethod s in c e ^ a s  the only reservoir for w hich a large 
num ber o f  readings w ere taken. Q ueen M ary reservoir is characterised by an 
average chlorophyll-a concentration o f  16 \xg/l and particulate organic carbon o f  
1082 \ig/l
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To allow further investigations o f  the operational use o f  the proposed correction 
algorithm, in-situ m easurem ents w ere undertaken at a large concrete surface o f  
Paphos A irport in Cyprus. The in-band reflectance (% ) values for the bright 
whitish grey concrete in Paphos A irport are shown in Table 10-12 By comparing 
spectral signatures found from  H eathrow  A irport and Paphos A irport (see Figure 
10-21), a difference o f  23 % is found in TM  band 1 and less than 13 % for TM  
bands 2, 3 and 4. This difference may be due to  possible factors such as:
♦ difference in the type o f  concrete (com position o f  material)
♦ the usage o f  the aprons/runw ays
♦ the presence o f  slight black rubberised lines on the concrete due to  aircraft
braking,
♦ the age o f  the concrete (weathering)
P^hos Airport: In-band reflectance %
TM l TM2 TM3 TM 4
Average 18 69 22 76 24 85 25.40
Table 10-12. GER 1500 data converted to in-band % reflectance values of  
dry concrete surface at Paphos Airport aprons.
From  the on-site visit to  both  airports it w as found that the concrete at H eathrow  
A irport w as brownish grey w ith some yellow and black particles (see C hapter 5). 
H ow ever at Paphos Airport, the concrete had a lighter colour, a bright w hitish 
grey colour (see Chapter 5). Staenz and Itten  (1982) examined different concrete 
and asphalt m aterial in K loten A irport at Zurich. H e observed a w ide range o f  
reflectances o f  different concrete material w as observed in the visible (9% -35% ) 
and N IR  (12% -40% ) due to  material com position, surface structure and 
w eathering condition. The biggest variation w as occurred betw een a bright 
whitish-grey (grooved, dry) concrete and a dark grey (fine grained, dry) concrete.
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Staenz and Itten  (1982) suggested tha t the utilisation o f  asphalt and concrete 
surfaces w ithout a distinct structure as reference targets for inter-calibration 
betw een ground and satellite (and airborne) data.
F rom  the tim e-series o f  images in  the  vicinity o f  H eathrow  A irport, the  retrieved 
corrected target reflectances using the new  PIT  A C  technique w ere in reasonable 
agreem ent w ith  m easurem ents m ade on  targets o f  black asphalt (road  asphalt and 
car park  asphalt) and the reservoirs in the region under investigation. Firstly by 
com paring the reflectance values before and after correction fo r the Q ueen 
Elizabeth reservoir, show n in Table 8-3 (see Chapter 8), it is apparent that they 
fall w ithin the range o f  ground data collected for the  same reservoir (see Table 10-
3). Furtherm ore, the  new  PIT  atm ospheric correction w as found to  give high 
correlation betw een PO C  and corrected reflectance for the  image acquired on  
5/3/85 in w hich PO C  values w ere available (for D atchet, W raysbury and Q ueen 
M ary reservoirs). W ithout applying the new  P IT  atm ospheric correction i.e. 
before atm ospheric correction, a linear regression m odel in the  TM  band 1 gave a 
high r^ (0.99) bu t w ith an observed significance level greater than  0.05 (also the 
observed F-statistic w as found to  be less than the F-critical). This m eans that the 
high r^ w as occurred by chance. H ow ever, w hen the new  P IT  atm ospheric 
correction w as applied to  TM  band 1 reflectance values (for the o ther bands, low  
correlation w as found) r^ w as equal to  1, w ith  observed significance levels less 
than 0.05 and observed F-statistic w as greater than  the F-critical. The equation 
found to  predict particulate organic carbon w as the following:
7M 7=55663.11 POC-2112
w here
TM 1 is the  target reflectance
POC concentrations in p-g//
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F or operational use o f  the  proposed new  PIT  m ethod in the  absence o f  ground 
data, the  user m ust be aw are on the range o f  reflectance values fo r the  range o f 
the  reservoir's reflectance values w hen the proposed algorithm  is used  for 
rem oving atm ospheric effects from  inland w aters. It w as found tha t w hen the 
correction w as applied in land surfaces (concrete surfaces, asphalt, soil etc.), by 
selecting the average reservoir value instead the minimum or m axim um  reflectance 
values provided in Table 8-1 (C hapter 8), the difference in  the m agnitude o f  
correction w as m inor (<10 % ) fo r the  Landsat TM  images o f  L ow er Tham es 
Valley area. F o r the image o f  Cyprus in the case w here the m ethod w as used  as a 
fully im age-based m ethod (using "standard values"), the  %  difference betw een the 
corrected  and the available ground data for other feature (asphalt) w as less than 
13 %. W hen the m ethod m ade use o f  ground data, the %  difference w as less than 
8 %  in T M  bands 1 , 2 , 3  and 4. This indicates the effectiveness o f  the  new  PIT  
m ethod.
The m ajor lim itation o f  the new  PIT  m ethod occurs w here there  are significant 
change in  m oisture conditions on the concrete aprons/runways. In  the  case o f  
tim e-series images, the  w riter suggested in C hapter 8 tha t the difference in  D N  in 
the therm al band o f  Landsat TM  betw een one image acquired in sum m er (w ith 
high D N  in the therm al infrared TM  band 6) and one acquired in w in ter (cold 
objects receive low er D N  in TM  band 6) m ust be checked. I f  there is any 
significant change in the D N  the user should use the values correspond to  w et 
concrete aprons, w hich will correspond to  the  low  D N 's in Landsat T M  band 6.
10.10 Using dark targets in the assessment o f atmospheric pollution
B ased on the use o f  dark objects, tw o new  m ethods w ere developed to  assess the 
atm ospheric pollution using Landsat TM  images. These m ethods w ere: the 
spatially & tem porally variant darkest pixel (STV -D P) and the com bined use  o f
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radiative transfer (RT) calculations and the darkest pixel approach w hich lead in 
the  developm ent o f  the  R T-D P m ethod (see C hapter 9). I t  has been show n in 
Section 10.6 that the darkest pixel is the m ost suitable technique for rem oving the 
atm ospheric effects from  the reservoir system for cloud-free images. Therefore 
the use o f  the darkest pixel principle in the tw o new  m ethods m akes the m ethods 
m ore reliable and accurate.
Spatially & temporally variant darkest pixel (STV-DP) method
The STV -D P m ethod w as found to  provide a useful too l for assessing the spatial 
and tem poral variability o f  atm ospheric effects for images acquired in a short 
interval time. The differences betw een the derived atm ospheric path  radiances 
from  the available images w as explained due to  varying degrees o f  scattering by ^
v ^ i n g  concentrations o f  aerosols. The potential o f  satellite rem ote sensing 
techniques t o ^ u p p ^  the atm ospheric pollution in H eathrow  A irport area w as 
dem onstrated by the high correlation betw een the observed visibility and the 
derived atm ospheric pa th  radiance at the  same site.
Radiative transfer & darkest pixel (RT-DP) method
The extraction o f  aerosol optical thickness from  the  reservoir system  in the  L ow er
5
Tham es Valley area, w as found to  provide a m ean /to  assess the  air pollution in  Y"
these areas. R T -D P is useful w hen dark objects such as large eutrophic reservoirs 
(e.g. eutrophic reservoirs in  the L ow er Tham es Valley) o r o ther inland w aters are 
present. The high correlation found betw een the visibility value at H eathrow  
A irport and the derived aerosol optical thickness (see Section 8.3) increases the 
potential o f  the  R T-D P m ethod. F or the L ow er Tham es Valley area, air pollution 
w as found to  be m ore significant in July than  M ay-June.
F or the A thens area, the difference betw een the derived aerosol optical thickness 
(Zlfg ) for the  15/8/88 and 31/8/88 images, w as found to  agree w ith  the m aximum  
found by Retalis et al. (1999) for the  same images. The available
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atm ospheric pollutants a t the time o f  satellite overpass w ere found to  support the 
derived aerosol optical thickness for the 15/8/8 and 31/8/88 images.
Generally, results o f  R T-D P technique dem onstrate the  potential o f  earth  
observation to  support the determ ination o f  aerosol variations in L ow er Tham es 
Valley area in  the vicinity o f  L ondon H eathrow  A irport area and A thens area. 
T ake iy in to  account that the H eathrow  A irport area is an attractive area for 
investigating air pollution due to  the  local busy aircraft and road  transport levels 
the use o f  satellite rem ote sensing imagery w hich contain large w ater bodies such 
as reservoirs, is found to  be a an im portant too l for investigating air pollution. 
M onitoring o f  air pollution in urban polluted areas such is the  centre o f  A thens 
using satellite rem ote sensing techniques is o f  great im portance. The retrieval o f  
aerosol optical thickness can be useful in o ther studies such as atm ospheric 
m odelling o f  atm ospheric effects and photochem ical air pollution studies in w hich 
aerosol optical thickness is an unknow n param eter.
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figure  10-1. (a) R e se rv o ir  reflec tance  d ep th  p rofile  (Q ueen  M a ry  re se rv o ir , 23/9/98) (b) D a ta  fo r  
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Figure 10-4. Continued
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Figure 10-5. Continued.
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F igure  10-8. C om parison  between the  at-satellite  reflectance values, R M  corrected  
reflectances and ground d a ta  fo r the  Q ueen M ary  rese rv o ir (east p a rt)  
and  C olorado F ro n t R ange reservoirs. T he assum ption th a t  th e  
a tm ospheric  effects in T M  ban d  4 w ere  negligible w as used (continued 
overleaf).
1 0 - 6 6
-RM-corrected 
-Ground Max.
-at-satellite -Ground Min.
-  -  -  Colorado Min. Colorado Max.
16 -
14 -
12 -
10 -
TM band 5:
I
m
i
in
I
in
CO
(O
I
(D
I
CD
I
CM
in
CO
■M"
I
in
S
in
I
in
I
CO O)
Im age d a te
Figure 10-8. Continued.
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Figure 10-9. C om parison  between the  at-satellite reflectance values, M TN  corrected
reflectances in T M  band  1 w ith  g round d a ta  for an A O I in the Q ueen M ary
reservo ir (east part). T he 2/6/85 im age w as taken  as the  reference im age
and  the  12/4/84 w as the  im age sub ject to correction (using reflectance).
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C om parison between the  at-satellite reflectance values, M TN  corrected  
reflectances in T M  band  1 w ith  g round  d a ta  for an A O I in the  Q ueen M ary  
reservo ir (east part). The 5/3/85 im age w as taken  as the  reference im age 
and the 12/4/84 w as the  im age subject to correction (using reflectance).
10-68
-#— Turner&Spencer corrected 
 Ground Max.
-at-satellite
-  -  -  Colorado Min.
-Ground Min.
Colorado Max.
16 -
14 -
12 -
g 10 -
0)
CO
ir>
I I
i n
CO
i n
I
i n00 i nI
CO
I
CO
I
(O
I00 o>
CM
Im age d a te
16 -
14 -
12 -
g 10 -
I .
I
m
S
i n
I
i n
CO
i n
I
i n
CO
i n
I
i n
CO
(O
I
CO
I I
CMCO O)
CM
im age d a te
Figure  10-11. C om parison  between th e  at-satellite  reflectance values, T u rn e r  and  
S pencer’s corrected  reflectances and  g round  d a ta  for the  Q ueen M ary  
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overleaf).
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Figure 10-11. Continued.
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F igure 10-12. C om parison  between the  at-satellite  reflectance values, A T C O R  
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10-71
 ^ ATCO R-co rre cted 
(without adjacency) 
— I— ATCO R-co rre cted 
 (with adjacency)
at-satellite .Ground Min Ground Max.
Colorado Min Colorado Max.
18
16
■TM band  3
14
12
10
8
6
4
2
0
in
I
in
I
in00 inI
in
CO
in
CO
in
CO
COCO COICOICM CO
CM O) CM
Image date
16 -
14 -
12 -
S
c
1
in
i
in
S
in
CO
in
I
in
I
in
i
in00 COI
CO
I
CO
CO
CM
CO
CM
Image date
Figure 10-12. Continued
10-72
-6S-CODE-corrected -at-satellite
■Ground Max. -  -  -  Colorado Min.
-Ground Min.
Colorado Max.
1 6  -
1 4  - T M  bàn d  1
12 -
u0)
I
COIIf)00 mCO mCO COI COIi n§s
CM CO O) CM
Image date
1 6  -
1 4  - T M  band  2
12 -
g  10 -
c
1
i n
I
CM
CO
i n
S
i n
CO
i n
CO
i n
CO
i n
CO
CO
I
CO
I
CO
I
CM
i n
ICM
CO O)
CM
Image date
Figure 10-13. C om parison  between the  at-satellite reflectance values, 6S-Code 
corrected  reflectances and  ground  d a ta  for the  M ary  reservo ir (east 
p a rt)  and  C olorado F ro n t R ange reservo irs (continued overleaf).
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Figure 10-14. C orre la tion  expressed as r^ between chlorophyll-a concentration and 
G ER1500 reflectance for D atchet, W ray sb u ry  and  Q ueen M ary  reservoirs 
(23/9/98). E ach  r^ value w as calculated a t each w avelength o f the 
GER1500.
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Figure 10-15. C orre la tion  expressed as r^ between chlorophyll-a concentration  and 
GER1500 reflectance for D atchet, W ray sb u ry  and  Q ueen M ary  reservo irs 
(23/9/98). E ach  r^ value w as calculated a t each w avelength o f the 
GER1500.
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F igure 10-16, D ata  showing the  results o f linear regression between chlorophyll-a 
concen tration  and  atm ospheric  corrected  reflectance in T M  b an d  1.
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Figure 10-17. D ata  showing the  results o f linear regression betw een chlorophyll-a 
concentration  and  a tm ospheric  corrected  reflectance in T M  ban d  2.
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♦ Heathrow Airport Aprons (dry concrete) 
▲ Paphos Airport Aprons (dry concrete)
200 300 400 500 600 700 800
Wavelength (nm)
900 1000 1100
Figure 10-21. Spectral signature of d ry  concrete ap rons a t H eathrow  
A irp o rt (UK) and  Paphos A irp o rt (C yprus). T he concrete at 
Paphos A irp o rt was b rig h t w hitish grey and  a t H eath row  
A irp o rt was brow nish grey w ith yellow and  b lack  particles.
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Chapter 11
Conclusions
11. CONCLUSIONS
In this chapter, the most important conclusions which have resulted from the 
research on the application o f atmospheric correction algorithms in the remote 
sensing o f reservoirs are described. Moreover, the author provides a list o f his 
novel contributions. Finally, a series o f recommendations concerning future w ork 
are presented at the end o f the chapter.
11.1 C onclusions fro m  th e  lite ra tu re  review
♦ A  review o f previous w ork on the magnitude o f  atmospheric effects on w ater 
bodies was shown that for the visible and near-infrared bands, the range o f 
atmospheric effects that contribute to the satellite signal is 38-100 %. 
Consideration o f  atmospheric effects in the remote sensing o f w ater bodies is 
therefore important.
♦ In general, large w ater bodies can be used as suitable targets for retrieving the 
atmospheric effects, and for sensor calibration.
♦ It was found that atmospheric correction is an essential step in the pre­
processing o f remotely sensed data, after the image data have been 
geometrically corrected. Although geometric correction and some o f the 
techniques for radiometric correction are well established, atmospheric 
correction is not well established and has not been assessed for specific 
applications. No literature has been found concerning the effectiveness o f  the 
available atmospheric correction techniques for inland w ater applications. The 
only literature that refers to  the evaluation o f simplified methods is that for land 
surfaces by M oran g/ ar/. (1992). i
♦ The use o f satellite remote sensing techniques for w ater surveillance 
advantageous since it provides synoptic coverage o f the area under
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investigation and yields information about the spatial and temporal variations o f 
the physical properties o f the water.
Despite the recognised deleterious effect o f the atmosphere, relatively few 
studies have considered the problem o f atmospheric effects in w ater quality 
studies.
11.2 Conclusions from ground measurements
♦ An important contribution o f this research was the development o f  a new 
methodology for retrieving the reflectance value at the surface o f  the water, 
using an extrapolation o f sub-surface measurements o f reflectance, analysed 
using Beer's Law.
♦ It was found that points near the banked edges o f the reservoirs had higher 
reflectance values due to nearby concrete surface and bottom  effects. This is 
important, if  one wants to use reservoirs as dark targets for atmospheric 
correction, as it is essential to mask out the image o f the w ater area near the 
edges o f the reservoir.
♦ Aside from the edge effects, the spatial variability o f  the reservoirs is very low.
♦ Reservoirs can be used as dark targets since it was found that their reflectance 
is low (<5 % in TM  band 2). From spectro-radiometric measurements at 
depths o f up to 4 m, it was found that reservoir bottom effects w ere absent. 
Therefore, reservoirs can adequately serve as dark targets.
♦ Concrete targets (here, airport aprons were used) w ere shown to be 
significantly affected by variation in surface moisture. W et concrete was found 
to  have considerably lower reflectance values than dry concrete.
♦ Turbidity (as an indirect measure o f suspended solids) was found to contribute 
significantly to the increase o f the reflectance o f  the reservoirs acquired in-situ 
using ground measurements.
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The reflectance spectrum o f the Lower Thames Valley reservoirs was found to 
be similar in form and range to  the Colorado Front Range reservoirs reported 
by Arenz et al. (1996).
Reflectance peaks were found in the spectro-radiometric spectra from the 
reservoirs at 570 nm, where chlorophyll-a absorption is minimum.
By comparing the at-satellite reflectance values from all the images with the 
ground data, it was found that atmospheric effects accounted for 85-96 % in 
TM  band 1, 72-95 % in TM band 2, 63-93 % in TM band 3 and 97-100 % in 
TM  band 4 o f the received at-satellite reservoir reflectance values.
11.3 Conclusions from applying atmospheric corrections to the Landsat-5 TM
images of the Lower Thames Valley reservoirs
♦ From  the literature survey, it was found the reflectance o f inland waters in the 
near-infrared (such as Landsat TM band 4) is very low. Therefore, any 
significant recorded satellite radiance in those regions is indicative o f an 
atmospheric contribution to  the at-satellite signal. A  simple tool for identifying 
images that require atmospheric correction was therefore been developed based 
on identification o f anomalously high DN values in Landsat TM  band 4 images 
o f reservoirs.
♦ From the image-based atmospheric correction techniques, the darkest pixel 
method was found perform best in Landsat TM bands 1, 2 and 3 for images 
where cloud cover ( w S )  slight. M ethods such as the covariance matrix 
method, regression method, regression intersection method were found to 
produce unreliable results in most cases. The multi-temporal normalisation 
method was the least reliable technique since requires a "clear image" against 
which other images are normalised.
♦ From the methods that make use o f radiative transfer calculations and 
atmospheric modelling, the ATCOR -2 correction algorithm was the most
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suitable, but only in the Landsat TM  band 4. The use o f the Turner and 
Spencer (1972) method in conjunction with the use meteorological data was 
found to  w ork well only when visibility was greater than 28 km and there was 
little spatial variability o f atmospheric conditions.
♦ The m ost important atmospheric parameter in the use o f  radiative transfer and 
atmospheric modelling is the aerosol optical thickness. Aerosol optical 
thickness determined from visibility values at Heathrow Airport, using 
graphical methods suggested in the literature were unrepresentative o f  the 
definition o f  aerosol optical thickness in the vicinity o f  the reservoirs. A  
possible reason for this is the distance (more than 2 km) at which the reservoirs 
are located from the airport, since aerosoj/levels are found from the literature 
to  vary over short distances. Furthermore, optical characteristics o f aerosols 
such as aerosol phase function are poorly defined, as different methods o f 
estimation yield different results. This problem emphasises the need for 
accurate definition o f all atmospheric optical properties o f aerosols when 
atmospheric modelling is used.
11.4 Conclusions from the development o f statistical equations to predict 
chlorophyll-a and POC, using DP-corrected image data
♦ By applying regression models o f spectro-radiometric reflectance against 
chlorophyll-a and POC concentrations, it was found that high correlations were 
found in the spectral region o f 370-416 nm.
♦ After application o f  the darkest pixel atmospheric correction, the correlation 
(expressed as r^) between the atmospheric corrected reflectance and the 
chlorophyll-a concentration increased from 0 to 0.84. The correlation 
coefficient between the atmospheric corrected reflectance and the POC 
concentration increased from 0.024 to 0.782, after the application o f  the 
darkest pixel atmospheric correction.
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♦ The following predictive equations w ere found:
chl-a -  394.89 TM l - 2.26 
PO C  = 24924.83 TM2 +146.16
where
chl-a  chlorophyll-a concentration in pg/1
PO C  particulate organic carbon concentration in pg/l
TM l is the reflectance from Landsat-5 TM  band 1, after atmospheric
correction using the darkest pixel method.
TM2 is the reflectance from Landsat-5 TM  band 2, after atmospheric
correction
The above equations are only applicable for concentrations o f 0.9-13 pg/l 
chlorophyll-a and 405-2146 pg/l POC concentrations, since these are the 
ranges over which correlations were conducted.
♦ Failure to account for atmospheric effects when working with multi-temporal 
scenes and multi-spectral data lead to erroneous results, characterised by poor 
correlations.
11.5 Novel con tribu tions
The main contributions o f the present study to the understanding o f the use o f 
atmospheric correction in the satellite remote sensing o f  inland waters, particularly 
reservoirs, are the following:-
♦ a detailed and thorough investigation o f the literature yielded a comprehensive 
list o f  atmospheric correction algorithms. A  critical evaluation o f image-based
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atmospheric correction methods and techniques which use radiative transfer 
calculations and atmospheric modelling is presented.
a new strategy for selecting a dark pixel suitable for determining the 
atmospheric path radiance has been suggested, based on the analysis o f digital 
number histograms and image examination.
new decision strategies to determine whether time-series images need to be 
atmospherically corrected have been suggested, based on stretching (linear and 
uniform stretching) masked images and also examination o f DN values in 
Landsat TM  band 4.
a new methodology for retrieving the water surface reflectance (at zero depth) 
using spectro-radiometric measurements have been developed and presented 
the spectral signature for every reservoir in the Lower Thames Valley system 
has been presented.
predictive equations for monitoring from space the chlorophyll-a and POC 
concentrations in the Lower Thames Valley reservoirs have been developed, 
a new method for removing atmospheric effects from satellite images based on 
the use o f dark targets (eutrophic reservoir) and bright targets (concrete 
aprons) has been developed. Ground measurements acquired on asphalt and 
other reservoir targets in the scene for the Lower Thames Valley area and 
recent measurements at Paphos Airport (Cyprus) demonstrated the operational 
usefulness o f the method.
the magnitude o f atmospheric effects, determined as the percentage difference 
between the at-satellite reflectances and spectro-radiometric measurements at 
ground level, over eutrophic reservoirs in the Lower Thames Valley has been 
quantifled.
two new methodologies for the qualitative assessment o f  atmospheric pollution 
and quantitative estimate o f the aerosol optical thickness have been suggested, 
based on the use o f dark objects in Landsat TM  band 1 images.
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11.6 Conclusions from the novel methods introduced
♦ Based on the findings that w ater reservoirs and airport concrete aprons can be 
considered as pseudo-invariant targets, a new method for removing 
atmospheric effects from satellite images was developed. Using recent data 
from Paphos Airport concrete aprons in Cyprus the potential o f this technique 
was demonstrated. The retrieved reflectance values for asphalt areas in a series 
o f Landsat TM  images, after the application o f  this new technique, were found 
to be in general agreement with ground data acquired for the same target, and 
at the same geographical position.
♦ Dark targets such as inland waters (reservoirs, rivers, ponds, lakes) can be used 
as a suitable targets for determining the atmospheric path radiance and the 
aerosol optical thickness for assessing the atmospheric pollution using satellite- 
based techniques. The general agreement between aerosol optical thickness 
values determined for the two images o f  Athens and available air pollution data 
during the satellite overpass indicates the potential o f this approach.
11.7 Recommendations for future work
The recommendations for fiiture w ork are principally based on the acquisition o f
additional data sets, particularly ground measurements:-
♦ the use o f  sun-photometers or other devices should be used to determine the 
aerosol characteristics including aerosol concentrations, aerosol phase function 
and aerosol optical thickness in different areas
♦ obtaining time series data o f cloud free images with simultaneous w ater
. sampling data, spectro-radiometric data and ground measurements o f  the
optical properties o f the atmosphere will allow assessment o f atmospheric 
correction methods and quantification o f atmospheric optical parameters
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♦ acquisition o f w ater samples at multiple locations across one or more reservoirs 
during a satellite overpass would permit further analysis o f the spatial 
variability o f w ater quality, and the development o f  improved w ater quality 
predictive equations.
♦ a fuller characterisation o f concrete surfaces o f different colour and 
composition will permit the establishment o f a database o f  characteristic 
reflectance values for every type o f concrete target.
♦ the characterisation o f aerosol optical properties, such as single scattering 
albedo and aerosol phase function, from ground measurements for different 
area types (urban, sub-urban or agricultural etc.) will permit further assessment 
o f  the quantification o f aerosol optical properties as a means o f  assessing 
atmospheric pollution.
♦ acquisition o f air pollution data in conjunction with spectro-radiometric data 
from monitoring stations during a satellite overpass would enable a more 
thorough quantitative validation o f  the proposed methods for assessing 
atmospheric pollution.
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The attached compact disc contains Appendices 1 to 15. Each Appendix is in a 
folder/directory.
Appendix 1 Image gallery (JPEG format).
Appendix 2 Relative spectral response values for Landsat-5 TM (MS Word 
format)
Appendix 3 Measurement o f  reflectance using a reference panel (MS Word 
format)
Appendix 4 Log sheets for spectro-radiometric data acquisition (MS Word 
format)
Appendix 5 Panel calibration files and processing software, from NERC  
EPFS Pool (PDF, M S-DOS, text files)
Appendix 6 Retrieving surface reflectance and spectral signatures o f  the 
Lower Thames Valley reservoirs (MS Excel format)
Appendix 7 Reflectance o f  additional features (asphalt, grass) (MS Word 
format)
Appendix 8 Light meter data from Thames Water Utilities Ltd. And 
estimation o f  extinction coefficients (MS Word format, MS 
Excel format)
Appendix 9 Sampling locations and water quality data, from Thames Water 
Utilities Ltd (MS Word format, MS Excel format, M S Power 
Point))
Appendix 10 Darkest pixel results for Landsat-5 TM images o f  Lower Thames 
Valley reservoirs (MS Word format)
Appendix 11 Muti-temporal normalisation method results o f  Landsat-5 TM  
images o f  Lower Thames Valley reservoirs (MS Word format)
Appendix 12 Visibility and relative humidity concept (MS Word format)
Appendix 13 M eteorological data at Heathrow Airport, from M eteorological 
Office, Bracknell (MS Excel format)
Appendix 14 Turner and Spencer's (1972) results o f  Landsat-5 TM images o f  
Lower Thames Valley reservoirs (MS Word format)
Appendix 15 ATCOR-2 results o f  Landsat-5 TM images o f  Lower Thames 
Valley reservoirs (MS Word format)
Copyright: where applicable, the copyright o f  material provided by other 
researchers and organisations is hereby acknowledged.
i ;  'ü
Reproduced with permission of copyright owner. Further reproduction prohibited without permission.
